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tory Lung Volume (EELV). It is known that FRC is reduced by 25% in healthy volunteers due 
to changing from sitting to supine position10. Hedenstierna et al.12 found a FRC reduction of 
0.8-1.0L by changing from sitting to supine position, whereas the use of sedative reduced the 
FRC with another 0.4-0.5L. Recently we found that FRC at a PEEP level of 5 cm H2O is reduced 
with 34% in normal lungs, whereas in patients with pneumonia this was 58%13. After increasing 
the PEEP to 10 cm H2O the FRC values increased with 7 and 12% respectively. Thus PEEP is able 
to improve EELV, and therefore, in Chapter 3 we investigated an EELV driven PEEP protocol to 
restore the patients’ ideal lung volume. We performed a randomized controlled trial in which 
EELV was used to titrate PEEP, after which during 48 ours the PEEP was titrated to maintain the 
patients’ ideal lung volume. This was compared to the PEEP titration based on the FiO2/PEEP 
table as used in the ARDSnetwork trial. 
Lung stress and strain are two definitions, which are introduced to describe forces acting on 
lung tissue during mechanical ventilation14. Lung stress describes the distribution of forces 
due to PEEP and tidal volume, whereas strain describes the resulting change in lung volume. 
Mead et al. 15 demonstrated in a mathematical model that inhomogeneous ventilated lungs 
are exposed to increased forces acting on lung parenchyma. They calculated that if a transpul-
monary pressure of 30 cm H2O is acting on lung parenchyma, this would be increased with 
a factor 4.5 in inhomogeneous lungs, resulting in a force of 140 cm H2O. Recently, Protti et 
al.16;17 calculated lung stress and strain during an experimental study using different amounts 
of tidal volume and PEEP. They demonstrated that a lung strain of 2.5 was harmful and resulted 
in lung edema16. However, in the second study they ventilated the pigs with a total strain of 
2.5 but with different amounts of PEEP (static strain) and tidal volume (dynamic strain). They 
found that if strain mainly exists from dynamic strain the lungs got damaged and lung edema 
developed, whereas ventilation with mainly static strain protected the lungs. This indicates 
that PEEP is protective tot the lungs. In ARDS lungs alveoli show cyclic collapse and high forces 
are needed to open these alveoli up. Therefore, the alveolar walls are exposed to high stress 
during each breath. Due to the high forces the alveolar walls are stretched and inflammatory 
mediators are released causing lung damage, but might also induce systemic inflammation 
leading to multi-organ failure and death. To calculate lung stress and strain based on non-
invasive lung volume measurements, specific elastance or transpulmonary pressure. However, 
transpulmonary pressure measurements are difficult to perform reliable. Therefore, Stenqvist 
et al.18;19 developed a method to calculate specific elastance from EELV measurements with-
out the need for transpulmonary pressure measurements. This method has been shown to 
correlate well with esophageal pressure measurements (r2=0.96). In Chapter 4 we calculated 
lung stress and strain from non-invasive FRC measurements using the Multiple Breath Nitro-
gen Washout (NMBW) technique. We calculated lung stress and strain in ARDS, ALI and normal 
lungs without performing esophageal pressure measurements. 
In Chapter 5 we used different global and regional monitoring systems in an experimental 
study to find best PEEP, including EELV and EIT measurements. EIT is a non-invasive bedside 
monitoring tool to assess ventilation distribution in a 5-10 cm thick lung slice20;21. Therefore, a 
silicon belt with 16 electrodes is placed around the thoracic cage of the patient. A small elec-
tric current (5mA, 50kHz) is sent between two electrodes, while the remaining electrode pairs 
measure the remaining electrical signal22. The electric impedance is translated in a ventilation 
map of 32x32 pixels. For the analysis of EIT data multiple parameters have been developed. 
The arDSnetwork trial
The Acute Respiratory Distress Syndrome (ARDS) was described for the first time in 1967 by 
Ashbaugh et al.1. Twelve adult patients, suffering from respiratory failure identified by severe 
dyspnea, tachypnea, hypoxemia, reduced lung compliance and infiltrates seen on a chest X-
ray, did not respond to conventional respiratory therapy. They showed great similarities to in-
fants with the infant respiratory distress syndrome. Therefore, the disease was referred to as 
adult respiratory distress syndrome and later on as acute respiratory distress syndrome.
In ARDS patients the gas exchange is impaired due to atelectasis of, in particular, the depend-
ent lung region. Multiple strategies were applied in the treatment of ARDS, but only the ap-
plication of Positive End-Expiratory Pressure (PEEP) improved patient outcome by recruiting 
alveoli1 and preventing alveolar collapse during expiration. Due to the use of PEEP, arterial 
carbon dioxide tension (PaCO2) increased, and therefore ventilation with tidal volumes of 12-15 
ml/kg became standard of care in order to achieve normocapnia. 
In Rotterdam professor Lachmann2 developed the Open Lung Concept (OLC). The OLC uses 
Recruitment Maneuvers (RM) to open up atelectatic lung tissue, after which an adequate PEEP 
level should be applied in order to keep the recruited alveoli open. However, the OLC resulted 
in ventilation with high PEEP levels. The high PEEP levels had as disadvantage overdistention 
of alveoli in particular the non-dependent lung region. Overdistention of lung tissue induces 
an inflammatory reaction leading to lung injury. Lung damage due to mechanical ventilation 
is better known as Ventilator Induced Lung Injury (VILI).
In 2000 the hallmark paper of the ARDSnetwork3 was published in which they demonstrated 
that mechanical ventilation with smaller tidal volume (6 vs 12ml/kg) and a plateau pressure 
≤ 30 cm H2O improved survival of mechanically ventilated ARDS patients. Between 2004 and 
2008 multiple studies have been performed in which higher amounts of PEEP were applied as 
compared to the ARDSnetwork trial4-7. However, these studies showed the same mortality rate 
indicating that higher PEEP was not better. Two meta-analyses, however, showed that higher 
PEEP levels are beneficial to the more severe ARDS patients, whereas the less severe ARDS pa-
tients, the so-called Acute Lung Injury (ALI), were better off with lower PEEP levels8;9. 
From the literature it can be concluded that a standard ventilation protocol is not recommend-
ed, but a personalized ventilation strategy should be preferred. Therefore, bedside monitoring 
tools are needed to assess and optimize ventilatory settings for the individual patient. Through 
the years different bedside monitoring techniques have been developed, in order to assess 
and optimize ventilatory settings. The two main techniques in this thesis are Electrical Imped-
ance Tomography (EIT) and Functional Residual Capacity (FRC) measurements. These two 
techniques are described in detail in Chapter 2. 
Lung monitoring systems
The first technique we used to detect best PEEP is the measurement of lung volume. In the 
past measurements of FRC were difficult due to bulky and expensive equipment and the use 
of tracer gasses10. Stenqvist et al.11 developed the Nitrogen Multiple Breath Washout (NMBW) 
technique to measure FRC non-invasively and without interruption of mechanical ventilation. 
For the NMBW a step change in fraction of inspired oxygen (FiO2) is required, and this tool is 
now integrated in ICU mechanical ventilators. However, FRC is influenced by the amount of 
PEEP applied during mechanical ventilation and therefor it is better to speak of End-Expira-
1
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Therefore, in Chapter 6, 7 different EIT parameters are compared to investigate their capabil-
ity to detect optimal PEEP. From Chapter 4 we learned that EIT is able to detect homogeneous 
ventilation, during the inspiration, by means of the intratidal gas distribution (ITV). This param-
eter returns frequently in this thesis. One of the main parameters during mechanical ventila-
tion is capnography, which is the visualization of the expired carbon dioxide. Capnography 
during ventilation with a fixed tidal volume is called volumetric-capnography, and is able to 
measure which amounts of expired air are originated from the alveoli or airways. In Chapter 7 
we compared EIT and volumetric-capnography in order to study which technique should be 
preferred for bedside PEEP optimization. 
reducing sedatives
After 2008 the focus of research shifted towards reduction of sedatives. Levine et al.23 found 
that controlled mechanical ventilation results in atrophy of the diaphragm within 18 hours 
of mechanical ventilation which causes a delayed weaning24. However, a randomized multi-
center study in 340 mechanically ventilated ARDS patients found that the use of neuromus-
cular blocking agent just for the first two days during volume-controlled ventilation increased 
survival and ventilator free-days within the first month without increasing muscle weakness 
compared to a control group without muscle relaxation25. In the group that received muscle 
relaxation there was less number of pneumothoraxes and barotrauma, suggesting better 
patient-ventilator synchrony. In addition, Strøm and colleagues26 have shown that omitting 
sedation in critically ill patients receiving mechanical ventilation resulted in four days reduc-
tion of ventilation and 23 days shorter stay in the hospital compared with standardized daily 
interruption of sedation. This result is exceptional and suggests that optimal patient-ventilator 
synchrony is of particular importance27;28. Due to these results more patients are ventilated us-
ing partial assist modes like Pressure Support Ventilation (PSV) or Neurally Assisted Ventilatory 
Assist (NAVA). In Chapter 8 we studied the effect of PSV and Pressure Control Ventilation (PCV) 
on the distribution of tidal volume using EIT. To assess ventilation distribution we used the ITV 
developed by Löwhagen et al.29. The ITV divides the inspiratory impedance curve into eight 
equal volume sections after which the contribution of the dependent and non-dependent 
lung region to the inspiration can be calculated. In Chapter 9 we also analyzed the ventilation 
distribution, based on ITV, but now at different levels of assist during PSV and NAVA. During 
NAVA the diaphragm activity is measured using a gastric feeding-tube containing seven elec-
trodes. The electric signal of the diaphragm is multiplied by a certain amount of assist per μV, 
which results in a certain amount of pressure assist. The diaphragm of the patient will increase 
when lower assist levels are applied and therefore the patient is able to control the amount 
of tidal volume that is delivered by the ventilator, whereas during PSV the patients receives a 
pressure assist which is defined by the attending physician.
aim of the thesis
Mechanical ventilation set according to standard protocols or tables is not sufficient for the 
individual patient. Therefore, we should aim to personalized mechanical ventilation strategies 
and personalized physiology. The aim of this thesis is to optimize PEEP and the level of ventila-
tory assist in the individual patient at the bedside, in order to minimize VILI.
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abstract
Purpose of review
It has become clear that mechanical ventilation itself can cause damage to the lung in critically 
ill patients, also known as ventilator-induced lung injury (VILI). Insight into the mechanisms 
of VILI has learned that a compromise must be found between positive end-expiratory pres-
sure (PEEP) induced alveolar recruitment and prevention of hyperinflation. Therefore, there is 
a need for clinicians to optimize the PEEP settings for the individual patient at the bedside. In 
this review, we will discuss several lung-monitoring techniques to improve patient ventilator 
settings.
recent findings
Recently, new monitoring tools like electrical impedance tomography (EIT), vibration response 
imaging, respiratory inductive plethysmography and functional residual capacity (FRC) have 
been (re-)introduced in our ICU. Nowadays, FRC can be measured without the use of tracer gas-
es and without disconnection from the ventilator. EIT is another noninvasive bedside monitor-
ing tool that provides regional ventilation distribution images and can be used for qualitative 
and quantitative assessment of regional change in ventilation after a ventilator change. These 
new noninvasive techniques are discussed and seem promising to help clinicians to improve 
their ventilator settings in the individual patient at the bedside.
Summary
In conclusion, both FRC and EIT are promising clinical monitoring systems but clinical studies 
are needed to prove whether these monitors help the clinician toward effective and better 
ventilator management.
Introduction
In patients with the acute respiratory distress syndrome (ARDS), parts of the lungs 
are atelectatic or consolidated, particularly in dependent regions, so that they can-
not participate in gas exchange. During mechanical ventilation, the less affected lung 
regions must therefore accommodate most of the tidal volume, with the risk of tid-
al hyperinflation. The ARDS network trial established the importance of hyperinfla-
tion by demonstrating that ventilation using lower tidal volumes (6 versus 12 ml/kg) 
and maintaining a plateau pressure of not more than 30 cm H2O, improves survival
1;2. 
Atelectotrauma (cyclic atelectasis) has been shown to be another important contribu-
tor to ventilator-induced lung injury (VILI). Atelectotrauma may be mitigated by re-
cruitment maneuvers to open up collapsed alveoli followed by application of higher 
levels of positive end-expiratory pressure (PEEP) to prevent further collapse. Because appli-
cation of higher PEEP levels may increase the risk of hyperinflation, a compromise must be 
found between PEEP-induced alveolar recruitment and prevention of hyperinflation. 
Recently, two meta-analyses have shown that high PEEP levels were associated with improved 
survival among the subgroup of patients with ARDS, who were sicker3;4. This indicates that 
PEEP levels should be titrated for the individual patient depending on their lung injury. Thus, 
“optimal” PEEP can only be achieved by using individual settings that differ from patient-to-
patient but also from time-to-time when lung function is changing. In this article, we described 
the recent available bedside lung monitors and their applications in order to optimize ventila-
tor settings. 
functional residual capacity measurements
Blood gases are frequently used to monitor the patient’s lung function during mechanical ven-
tilation. One should note that determining lung collapse by PaO2/FiO2 ratio assumes a minimal 
extrapulmonary shunt. Cressoni et al.5 have shown that variation in gas exchange cannot be 
used with sufficient confidence to assess anatomical lung recruitment in patients with acute 
lung injury (ALI) or ARDS. Therefore, it seems reasonable to monitor lung volume changes due 
to alveolar recruitment or alveolar collapse by repeated measurements of functional residual 
capacity (FRC) instead of arterial oxygenation. FRC is defined as the relaxed equilibrium vol-
ume of the lungs when there is no muscle activity and no pressure difference between alveoli 
and the atmosphere and is regularly determined at pulmonary function laboratories. FRC is 
normally measured in sitting or standing position and is sex, length and age dependent. It 
has been shown that FRC is decreased by 25% in healthy volunteers after changing from sit-
ting to supine position during spontaneous breathing6. This is confirmed by Hedenstierna and 
Edmark 7 who observed that changing from sitting to supine position resulted in FRC decrease 
of 0.8-1L. If the patient is also sedated FRC further decreased with another 0.4-0.5 L. In critically 
ill patients receiving mechanical ventilation, the level of PEEP determines FRC, and therefore it 
would be better to use end-expiratory lung volume (EELV).
2
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Measurements of EELV at the ICU have always been limited by the use of expensive and bulky 
equipment and the use of tracer gases8;9. Stenqvist’s group10 have introduced a novel method 
to measure EELV without interrupting mechanical ventilation, based on a simplified and modi-
fied nitrogen multiple breath washout technique (NMBW), which is integrated in the Engström 
ventilator (GE Healthcare, Madison, WI, USA). This method requires a stepwise change in the 
inspired oxygen fraction (FiO2) without the need for supplementary tracer gases or specific ad-
ditional monitoring equipment. This system is successfully used in children11;12 and adults10;13;14. 
Chiumello et al.15 studied EELV measurements using the NMBW technique, helium dilution 
and computed tomography (CT). The latter is regarded as the golden standard. In 30 ICU pa-
tients, they found a very good relation (R2 = 0.89; p≤ 0.01) between NMBW technique and CT. 
Bikker et al.13 performed EELV measurements during a PEEP-trial in 45 ICU patients with healthy 
and diseased lungs. At a PEEP level of 5 cm H2O, EELV was 34% lower compared with FRC based 
on length, sex and age in patients without respiratory failure. For patients with pneumonia, 
EELV was 58% lower of the predicted sitting FRC at a PEEP level of 5 cm H2O and increased with 
7 and 12% after increasing PEEP to 10 and 15 cm H2O, respectively. Maisch et al.
16 performed 
EELV measurements at different PEEP levels before and after a recruitment maneuver in patients 
undergoing plastic surgery. EELV increased by adding more PEEP and was higher after recruit-
ment at the same level of PEEP. After the lung recruitment, compliance had a maximum and 
dead space had a minimum value at a PEEP level of 10 cmH2O. This indicates that EELV should 
be combined with compliance or dead space measurements to differentiate between recruit-
ment or further dilation of already open alveoli and airways in order to find the ‘best’ PEEP. 
Dellamonica et al.17 created a bedside monitoring tool to calculate the alveolar recruitability by 
using EELV measurements. The baseline FRC was defined at zero PEEP, and thereafter they in-
creased PEEP to 5 and 15 cm H2O, respectively. By calculating the ΔEELV/FRC ratio, they defined 
low recruiters and high recruiters at a cut-off point of 73%.
electrical impedance tomography
Electrical impedance tomography (EIT) is a non-invasive and radiation-free bedside-imaging 
device that provides images of ventilation by measuring changes in electrical impedance. The 
technique is based on the injection of small currents and voltage (5 mA, 50 kHz) using elec-
trodes on the skin surface18. The measured impedance changes will be translated in a cross-
sectional picture of 32x32 pixels (Fig. 1). The EIT visualizes the ventilation distribution and in-
crease or decrease in the amount of air in a 5 cm thick slice of the thorax19-21. 
fig. 1: Impression of the electrical impedance tomography measurement. Electrical imped-
ance tomography (EIT) will provide pictures by measuring impedance between 16 electrodes. 
A cross-sectional picture of 32x32 pixels will be created. 
All clinical available EIT systems use relative changes instead of absolute impedance values due 
to its higher quality of the images22. The difference between relative and absolute impedance 
is explained by a case report23. During an experimental study, a pneumothorax developed acci-
dentally in the right lung. A prominent increase of impedance was found in the ventral part of 
the right lung followed by a gradual decrease in ventilation-related impedance changes in the 
same region. Thereafter, the ventilation-related impedance changes of the right lung almost 
disappeared from the image because the thoracic cage was filled with air and tidal ventilation 
was impossible. If an EIT image was made using absolute impedance at that time, the right 
side of the image should have shown high impedance values because of the high air content.
In two patients with pneumonia, Costa et al.24 measured the tidal impedance change during 
pressure-controlled ventilation expressed as the regional compliance. This regional compli-
ance was calculated for a small area in both the dependent and non-dependent lung region 
during a decremental PEEP trial, from 25 to 5 cm H2O. It was shown that both areas had their 
own optimum in compliance. PEEP levels above this optimum represent hyperdistention and 
below this optimum alveolar collapse. Meier et al.25 introduced the subtraction of EIT images 
when altering the PEEP level. This enables a qualitative and quantitative assessment of region-
al change in ventilation after a PEEP change. In an experimental model, it was shown that 
ventilation appeared and disappeared in certain lung regions when altering the PEEP level. 
This was confirmed by our group26 in mechanically ventilated ICU patients with and without 
respiratory failure in whom a PEEP trial (15, 10, 5 and 0 cm H2O) was performed. It was shown 
that ventilation increased in the non-dependent area but decreased in the dependent lung re-
gions after the first PEEP reduction in patients without respiratory failure. During the next PEEP 
steps, ventilation decreased in both regions. In patients with respiratory failure, ventilation 
decreased after each decremental PEEP step indicating alveolar collapse at lower PEEP levels. 
2
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fig. 2: Electrical impedance tomography belt locations on the thoracic cage. Chest radiograph 
of two electrical impedance tomography belts on the thoracic cage of a patient. Cranial belt 
(upper) and a caudal belt (lower).
We27 also performed EIT measurements at two thoracic levels in ICU patients undergoing the 
same PEEP trial (Fig. 2). EIT measurements were performed just above the diaphragm and at the 
level of the armpits. During the decremental PEEP trial, ventilation decreased at the depend-
ent part and increased at the non-dependent part at the caudal level (just above diaphragm). 
In addition, ventilation decreased at the caudal level and increased at the cranial level during 
this PEEP trial. Thus, the ventilation distribution is moving from dorsal to ventral and from cau-
dal to cranial when lowering the PEEP. Löwhagen et al.28 utilized the high temporal resolution 
of EIT to assess intratidal gas distribution in mechanically ventilated patients with ALI/ARDS. 
Intratidal regional gas distribution was analyzed by dividing the regional tidal impedance sig-
nal into eight iso-volume parts (Fig. 3). Also, in this study, a shift in tidal gas distribution from 
dependent regions to non-dependent regions was noticed after decreasing PEEP. Further, the 
intratidal gas distribution varied widely among patients and it was shown that this offers ad-
ditional bedside information on recruitability and optimal PEEP for the individual patient.
In a recent study by Maisch et al.29 it is shown that EIT can also be used to monitor heart-lung in-
teraction. In mechanically ventilated pigs, EIT is able to measure impedance changes because 
of better conductance after injection of 20 ml of iced iso-tonic saline. By creating functional EIT 
images, it is possible to visualize regional perfusion. In addition, they observed a good correla-
tion between stroke volume variation measured by EIT and pulse contour analysis.
fig. 3: Iso-volume curves of electrical impedance tomography data. (A) Shows how the in-
tratidal gas distribution in an electrical impedance tomography image is divided in four equal 
regions of interest. (B) Shows how the global tidal impedance curve is divided in eight iso-
volume parts. The vertical dashes transfer the iso-volume time points from the global to the 
regional curves. (C) Shows the fractional regional gas distribution during inspiration. D: dorsal; 
ITV: intratidal volume; MD: mid-dorsal; MV: mid-ventral; V: ventral. (Image: K. Löwhagen et al. 
Minerva Anestesiol. 2010; 76(12):1024-35)
Vibration response imaging
Vibration response imaging (VRI) is another non-invasive technique that uses 36 electronic stetho-
scopes placed on the back of the patient which record the distribution and intensity of lung sounds30. 
Every time the patient breathes, the stethoscopes will detect the sound vibrations and translates this 
into to electrical signals. The VRI device reconstructs the electrical signals to a black-gray image. The 
vibration intensity is significant higher in mechanical-ventilated patient compared to spontaneous 
breathing patients. Lev et al.31 used VRI to differentiate between several chest radiographic densities 
and observed increased vibration intensity for consolidations and congestion, but not for atelectasis, 
pleural effusion or normal radiographs. Dellinger et al.30 compared volume control ventilation with 
pressure control and pressure support ventilation using VRI. Each patient was his own control and 
received the three ventilation types with the same tidal volume. Using VRI, it was shown that PS leads 
to higher vibration intensity in the lower, basal lung parts compared with volume control and pres-
sure control ventilation. VRI could also be used to measure vibration intensity at different PEEP levels.
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respiratory inductive plethysmography
Respiratory inductive plethysmography (RIP) uses two coils of wire in elastic bands around 
the thorax and the abdomen. Due to the respiratory motion, the self-inductance of the bands 
change and an electrical signal will be sent to the device and translated in to a volume. This 
technique cannot be used to measure FRC but only the change in volume due to a change in 
ventilator settings32. RIP can be used for detecting obstructive apnea33 and measuring respira-
tory rate and tidal volume changes.
Valta et al.34 evaluated RIP in six postoperative open-heart surgery patients, eight healthy spon-
taneous breathing individuals and six spontaneous breathing chronic obstructive pulmonary 
disease patients. They found that in controlled ventilated patients, the RIP measurements ad-
equately reflected changes in EELV. The accuracy of tidal volume measurements by RIP was 
reliable and comparable between mechanical ventilated and spontaneous breathing patients. 
In spontaneous breathing patients, tidal volumes were measured with RIP and compared with 
spirometry; an error below 5% was found.
Conclusion
There is a need for easy to use bedside monitor systems in order to optimize patient ventilator 
settings. It has been shown that FRC measurements based on the NMBW method are easy to 
perform with stable and reliable measurements. However, PEEP induced changes in FRC are 
not only recruitment but can also be the result of hyperinflation of already ventilated lung 
regions. Therefore, FRC alone is not the ‘magic’ bullet but should be combined with other pa-
rameters, such as compliance in order to optimize PEEP levels. Another strategy for individual 
titration of PEEP is electrical impedance tomography (EIT). After extended research, EIT has 
proven to be safe and can be used to monitor lung volume changes in ICU patients. In contrast 
to global lung parameters such as FRC, EIT can differentiate between dependent and non-
dependent regions. The VRI and RIP are infrequently used in optimizing ventilator settings and 
more elegant studies are needed to prove their effectiveness. In conclusion, both FRC and EIT 
are promising clinical monitoring systems but clinical studies are needed to prove whether 
these monitors help the clinician toward effective and better ventilator management.
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abstract
Background
Although ventilatory strategies to reduce tidal volumes have improved mortality in acute res-
piratory failure, the optimal setting of positive end-expiratory pressure (PEEP) remains uncer-
tain. This study aimed at restoring end-expiratory lung volume (EELV) to predicted levels, for 
supine position.
Methods
Critically ill, mechanical ventilated patients (n=37) with a PaO2/FiO2 ratio ≤300 mmHg were 
randomized to either the PEEP setting by EELV measurement (intervention group) or to the 
ARDSnet PEEP/FiO2 table (controls). After a baseline EELV measurement, hemodynamic and 
respiratory measurements were collected immediately after a recruitment maneuver, at 24 
and 48h.
results
Baseline EELV was significantly lower in the intervention group compared to controls (64 vs. 
85% of predicted supine EELV). To reach the predicted EELV the PEEP had to be increased from 
11±2 to 16±2 cm H2O intervention group, whereas in the controls, a PEEP of 10±3 cm H2O had 
to be applied and was reduced to 8±2 cm H2O at 48h. The EELV-driven protocol significantly 
increased the PaO2/FiO2 ratio in the intervention group whereas remained unchanged in con-
trols, and airway pressures were significantly higher in the intervention group (20±6 vs. 26±6 
cm H2O p=0.024). In addition, patients with a baseline EELV ≤1.5L responded well by the EELV-
driven protocol and the EELV was 0.5L higher compared to controls but at a PEEP difference of 
almost 10 cm H2O. Dynamic strain was below 0.27 after 24h in control patients with a baseline 
EELV >1.5L. Patients with an EELV ≤1.5L in both protocols had a dynamic strain above 0.27.
Conclusions
An EELV-guided PEEP strategy is recommended to optimize ventilatory settings in patients 
with moderate ARDS, but with a reduced EELV and therefore EELV measurement should be 
performed in advance.
Introduction
Mechanical ventilation is essential in the treatment of patients with acute respiratory distress 
syndrome (ARDS), but mortality remains high1. Ventilatory strategies with reduction of tidal 
volumes have shown to improve mortality in ARDS patients2. In these studies the level of posi-
tive end-expiratory pressure (PEEP) is based on the amount of FiO2 used to achieve a peripheral 
saturation of 88-93%. Large clinical trials comparing high vs. low PEEP with fixed low tidal vol-
ume were unable to demonstrate a benefit of higher PEEP levels on mortality3;4. A meta-analy-
sis of 3500 patients showed a significant difference between the severe ARDS (PaO2/FiO2 <100 
mmHg) and mild ARDS (PaO2/FiO2 200-300 mmHg) patients, in favor of higher PEEP protocols 
in the severe ARDS patients and lower PEEP levels in mild ARDS patients5. Therefore, it is recom-
mended to use higher PEEP levels tailored to the individual patient, with adequate monitoring 
to minimize the risk of overstretching of the ‘healthy’ alveoli6. 
Despite decades of extensive research, a method to reliably obtain optimal PEEP levels for the 
individual patient remains elusive. Ideally, PEEP should be set to maintain an end-expiratory 
lung volume (EELV) to prevent alveolar collapse in the dependent lung and, simultaneously, 
overdistention in the non-dependent lung7.The rationale behind EELV measurements to titrate 
PEEP is that PEEP prevents re-collapse of recruited alveoli resulting in improved V/Q ratios, 
but also diminishes shear stress. Measurements of EELV have been shown to be useful in es-
timation of lung recruitability8 as well as for the estimation of forces applied to lung tissue by 
means of lung stress and strain9;10. Bedside methods to monitor EELV without interruption of 
mechanical ventilation and without additional tracer gases are now available11. Our group has 
shown that these EELV measurements can be employed in critically ill patients and that mark-
edly reduced lung volumes are found in combination with gas exchange abnormalities12;13. In 
addition, Protti et al.9;10 recently demonstrated that strain induced by tidal volume is harmful 
to the lungs whereas PEEP protects the lungs. If a ventilatory strategy is able to reverse these 
reduced lung volumes, this will improve arterial oxygenation and diminishes lung strain, which 
may be beneficial for critically ill patients.
In the present single-site randomized controlled trial (RCT) we studied a ventilatory protocol 
aiming at normalizing EELV by changing the PEEP levels after lung recruitment. This strategy 
was compared to the ARDSnet protocol2. The main hypothesis was that an EELV driven PEEP 
protocol, based on gender, height, age and body position, will result in higher PEEP levels and 
improved oxygenation and less lung strain as compared to the ARDSnet FiO2/PEEP table. 
Methods
Study population
The “Medical Ethical Committee Rotterdam” approved the study protocol (permit no. 
NL28396.078.09) and written informed consent was obtained from each patient’s legal repre-
sentative.
The present pilot study was designed as a randomized controlled trial. As this is a pilot study 
we were unable to perform a sample size calculation. Therefore we decided to study a total 
of 37 patients with a PaO2/FiO2 ratio <300mmHg, during mechanical ventilation. The inclu-
sion criteria were: age ≥ 18 years, written informed consent, inclusion within 48 hours after 
intubation, and respiratory failure according to the New Berlin ARDS criteria (mild ARDS: PaO2/
FiO2 200-300 mmHg; moderate ARDS: PaO2/FiO2 100-200 mmHg; severe ARDS: PaO2/FiO2 <100 
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mmHg)14. The exclusion criteria were: thoracic deformity, severe hemodynamic instability, in-
ability to reliably measure EELV (e.g. due to air leak, pneumothorax, and emphysema), and 
severe airflow obstruction due to chronic obstructive pulmonary disease (COPD). COPD was 
defined as forced expiratory volume in one second or vital capacity below the predicted value 
minus two standard deviations (SD). 
Study protocol and measurements
Patients were randomized to the control group or intervention group using the closed en-
velope method. In the control group, patients were ventilated following the PEEP/FiO2 table 
according to the ARDS network trial2. In the intervention group PEEP was set to restore the 
predicted EELV with a range of 10%. In a previous publication we showed that EELV was re-
duced with 34% at 5 cm H2O PEEP as compared to predicted sitting FRC values in normal lungs 
12. In the primary lung disorder group EELV was reduced to 35% of predicted EELV, but could 
be restored to 55% of predicted sitting FRC at 15 cm H2O PEEP. If this 55% should be corrected 
for supine position, these patients should reach an EELV of 85-90% as compared to healthy 
patients. Therefore, we aimed to restore EELV with at least 90% of predicted EELV in supine po-
sition. The predicted EELV was calculated as follows15: “for Men: (2.34 x height [m] + 0.009 x age 
– 1.09) x 0.70” and “for Women: (2.24 x height [m] + 0.001 x age – 1.00) x 0.70”. In this formula 
the EELV is already corrected for a 30% reduction due to the supine position12;16;17. According to 
the ARDS-network trial, the peak pressures were kept at ≤30 cm H2O to avoid alveolar overdis-
tention. PEEP was adjusted during the entire 48-hour study period. Inspiratory pressures were 
set to deliver a tidal volume of 6±2 ml/kg predicted body weight during pressure-controlled 
ventilation. This was also attempted during support ventilatory modes; however, the support 
level was reduced to a minimal value of 7 cm H2O according to the resistance of the tube 
18 and 
larger tidal volumes were then accepted. FiO2 was set to keep PaO2 between 8 and 11 kPa. If 
oxygenation was not adequate using 100% FiO2 and lung recruitment maneuvers (RM), rescue 
therapy was allowed and the protocol was stopped.
All patients were ventilated with the Engström Carestation (GE Healthcare, Madison, WI, USA). 
The Engström Carestation has an integrated COVX module (GE Healthcare, Helsinki, Finland), 
which allows measurement of EELV12. EELV was measured using the simplified and modified 
nitrogen multiple-breath washout technique, devised by Olegard et al.11. In both groups, after 
a baseline EELV measurement, a recruitment maneuver was performed with a peak inspiratory 
pressure (PIP) of 50 cm H2O and 20 cm H2O PEEP. Thereafter, the protocol was set according to 
study allocation. Measurements of EELV, arterial blood gas analysis, and hemodynamic and 
respiratory variables were collected immediately after the RM, 24 and 48 h. In order to perform 
reliable EELV measurement the maximal PEEP level used was 20 cm H2O. EELV measurements 
were performed after the volume of exhaled carbon dioxide (VCO2) remained stable for at least 
15 minutes. 
For analysis purposes both groups were divided in a baseline EELV ≤1.5L and >1.5 L. This 
threshold is based on two previous studies12;19, which showed that EELV in lung disorder pa-
tients was around 1.5 L and around 2.5 L in normal lungs.
Stress and strain is a concept to describe forces acting on lung tissue during mechanical ven-
tilation20. Global strain describes the forces induced by tidal volume and application of PEEP21 
and can be divided in a static (PEEP volume) and dynamic (tidal volume) component10. Strain 
can be calculated by dividing static or dynamic components by EELV or by FRC. However, in 
the present study we did not measure EELV at zero PEEP and thus FRC is unknown. Therefore 
we calculated dynamic strain based on EELV according to Gonzalez Lopez et al.22 (formula 1).
 
 Dynamic strain= 
tidal volume
EELV
(1)
Statistical analysis
Statistical analyses were performed using SPSS 21 (IBM, Chicago, IL, USA). Unless otherwise 
specified all values are presented as mean ± SD. Differences in EELV, PaO2/FiO2 and PEEP be-
tween the groups were analyzed using the Mann Whitney U-test. Differences in EELV, PaO2/
FiO2, PEEP and FiO2 within each group were calculated using a mixed linear model. Main end-
points were the change in EELV and PaO2/FiO2 ratio at 24 h. All differences were considered 
statistically significant if p < 0.05.
results
Baseline characteristics of the study group are presented in Table 1. Time between intubation 
and inclusion to the study was 23±12 and 28±21 hours (p=0.599) in the control and inter-
vention group respectively. The control group contained 8 primary ARDS and 11 secondary 
ARDS patients, whereas in the intervention group this was 11 and 7 patients (p=0.375). All 37 
patients were ventilated according to the protocol for at least 24 h and 29 completed the 48-h 
observation period. Reasons for dropout were: death (2 control patients and 1 intervention 
patient), nitric-oxide ventilation (2 control patients), extubation (2 control patients), and need 
of extracorporeal membrane oxygenation treatment (1 intervention patient). Despite rand-
omization, at baseline EELV was significantly lower in the intervention group compared with 
controls (Table 1). 
3
32 33
Bedside Lung Monitoring in Order to Optimize Ventilator Settings in ICU PatientsChapter 3
Characteristics of the study population 
Control group Intervention group
N 19 18
Gender (M/F) 17/2 10/8
Age (years) 64±10 59±13
Height (cm) 176±7 173±10
Weight (kg) 83±15 89±27
PBW (kg) 71±7 68±10
Body mass index 27±5 30±7
Heart rate (BPM) 94±27 93±16
MAP (mmHg) 76±15 79±14
PaO2/FiO2 ratio (mmHg) 181±52 180±67
PEEP (cmH2O) 11±4 11±2
Ppeak (cmH2O) 22±6 24±6
Tve/PBW (mL/kg) 11±5 9±3
EELV (L) 2.1±0.7 1.5±0.4*
Predicted EELV (L) 2.5±0.2 2.3±0.4
PSV/PCV 14/5 14/4
Lung injury score 2.2±0.7 2.3±0.6
Time between intubation and inclusion (Hours) 23±12 28±21
ARDS origin Primary 8 11
Secondary 11 7
ARDS category (N) Mild 6 6
Moderate 12 9
Sever 1 3
Table 1: Data are shown as mean ± SD. Number of patients (N); Predicted Body Weight (PBW); 
Beats per minute (BPM); Mean Arterial Pressure (MAP); End-Expiratory Lung Volume (EELV); 
Positive End-Expiratory Pressure (PEEP); Expiratory Tidal Volume (Tve); Pressure Support Ven-
tilation (PSV); Pressure Controlled Ventilation (PCV); ARDS category: Mild= PaO2/FiO2: 200-300 
mmHg; Moderate= PaO2/FiO2: 100-200 mmHg; Severe= PaO2/FiO2: <100 mmHg. * p <0.05 
fig. 1: Changes in end-expiratory Lung Volume and Positive end-expiratory Pressure for 
each group. Changes in EELV and PEEP are shown as compared to baseline. Data are shown as 
mean. End-Expiratory Lung Volume (EELV), Positive End-Expiratory Pressure (PEEP).
In the intervention group, PEEP had to be increased from 11±2 to 16±2 cm H2O (p= <0.001) to 
achieve the predicted supine EELV (Table 2) and was 15±2 cm H2O at 48 h. However, in 7 of the 
18 patients we were unable to reach ≥90 % of the predicted supine EELV (Table 2). In controls, 
a PEEP of 10±3 cm H2O had to be applied according to the PEEP/FiO2 table and was reduced 
to 8±2 cm H2O at the 48-h observation period. In the control group, at baseline, 8 of the 19 pa-
tients already had an EELV ≥ 90% of the predicted EELV (Table 2). The PaO2/FiO2 ratio remained 
unchanged in the control group but showed a significant increase in the intervention group 
(Table 2). Dynamic strain was significantly reduced after 24 and 48 hours in both study groups, 
but remained above a threshold of 0.27 during the entire study period (Table 2). Figure 1 shows 
the effect of PEEP change on EELV for each group at 24h and 48h. In the intervention group 
PEEP was increased in almost all patients resulting in an increase in EELV, whereas in the con-
trol group PEEP was decreased during the study period but EELV was stable. 
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Data on ventilatory parameters 
 
Baseline RM 24 h 48 h
Number of patients Control 19 19 19 13
Intervention 18 18 18 16
PaO2/FiO2 (mmHg) Control 181±52 185±69 176±77 191±82
Intervention 180±67 189±55 272±114* 255±82*
EELV (L) Control 85±28% 81±23% 81±23% 90±24% 
(2.1±0.7) (2.0±0.6) (2.0±0.6) (2.3±0.6)
Intervention 64±20% 72±17%* 90±18%* 91±16%*
(1.5±0.4) (1.6±0.4) (2.1±0.5) (2.1±0.4)
Number of patients reaching Control 8/19 8/19 6/19 7/13
≥90% of predicted supine Intervention 4/18 3/18 11/18 11/16
EELV (N)
PEEP (cm H2O) Control 11±4 10±3* 10±3* 8±2*
Intervention 11±2 14±3* 16±2* 15±2*
FiO2 (%) Control 54±13 58±14 57±17 52±12
Intervention 55±14 53±13 51±14 44±12*
Ppeak (cm H2O) Control 22±6 19±5* 20±6 17±5*
Intervention 24±6 25±7 26±6 24±6
Tve/PBW (mL/kg) Control 11±4 10±4 8±2* 8±2*
Intervention 9±2 9±2 9±3 8±2
Dynamic strain Control 0.41±0.24 0.38±0.20 0.30±0.10* 0.28±0.11*
Intervention 0.47±0.18 0.38±0.15 0.30±0.90* 0.28±0.06*
Table 2: Data are shown as mean ± SD. Recruitment maneuver (RM); End-Expiratory Lung Vol-
ume (EELV); Positive End-Expiratory Pressure (PEEP); Fraction of inspired oxygen (FiO2); Expira-
tory Tidal Volume (Tve); Predicted Body Weight (PBW). EELV is expressed as percentage of pre-
dicted values in supine position; *significant difference compared to baseline (p <0.05).
Figure 2 shows the change in VCO2 and PEEP, as compared to baseline, after 24 hours of ven-
tilation according to the study protocol for each group. In the intervention group the VCO2 
decreased although PEEP was increased. The control group showed an increase in VCO2 de-
spite PEEP was decreased in that group. However, the changes in VCO2 were not statistically 
significant in any of the groups. 
fig. 2: Changes in volume of exhaled carbon dioxide and Positive end-expiratory Pres-
sure for each group after 24 hours. Changes in VCO2 and PEEP are shown as compared to 
baseline. Data are shown as mean. Volume of exhaled carbon dioxide (VCO2), Positive End-
Expiratory Pressure (PEEP).
Afterwards, patients of both groups were divided into patients with a low baseline EELV (≤1.5 
L) or higher baseline EELV (>1.5 L). In the low baseline EELV patients, the difference in EELV be-
tween the EELV driven protocol and the ARDS net table was 0.5 L at both time points (Table 3). 
However, the difference in PEEP between both groups was almost 10 cm H2O at 48 h (Table 3). 
The difference in EELV increase was also 0.5L between the low and high baseline EELV patients 
in both groups at 48 h (Table 3). In controls, EELV decreased during the 2 days observation pe-
riod in the EELV >1.5 L group whereas increased by 0.5±0.64 L in the EELV ≤1.5 L group, despite 
a decrease in PEEP (Table 3). Dynamic strain was significantly higher in the control group with 
a baseline EELV ≤1.5 L at baseline and after 24 hours (0.67±0.25 vs. 0.30±0.12 and 0.39±0.11 vs. 
0.26±0.06) (Table 3). Dynamic strain only differed between intervention patients with a base-
line EELV ≤1.5 L or >1.5 L at baseline. However, in patients with a baseline EELV >1.5L, dynamic 
strain was below 0.27 in the control group after 24 and 48h, whereas the intervention group 
reached this threshold only after 48h.
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Changes in respiratory parameters related to baseline eeLV  
 
Baseline 24 hours 48 Hours
Baseline EELV ≤1.5L
Number of patients Control group 6 6 4
Intervention group 11 11 10
Delta EELV (L) Control group - 0.2±0.4$ 0.5±0.6$
Intervention group - 0.7±0. 5#$ 0.9±0.5$
Delta PEEP (cm H2O) Control group - 1±5 -4±9
Intervention group - 6±2#$ 5±2$
Dynamic strain Control group 0.67±0.25 0.39±0.11$ 0.43±0.12
Intervention group 0.54±0.19 0.29±0.09$ 0.28±0.06$
Baseline EELV >1.5L
Number of patients Control group 13 13 11
Intervention group 7 7 6
Delta EELV (L) Control group - -0.3±0.5 -0.2±0.5
Intervention group - 0.4±0.4#$ 0.3±0.3*
Delta PEEP (cm H2O) Control group - -3±3*
$ -3±3$
Intervention group - 4±3#$ 3±3#$
Dynamic strain Control group 0.30±0.12* 0.26±0.06* 0.26±0.10
Intervention group 0.35±0.07* 0.30±0.10 0.27±0.07
Table 3: Data are shown as mean ± SD. Changes in Positive End-Expiratory Pressure (PEEP), 
End-Expiratory Lung Volume (EELV), and dynamic strain as compared to baseline are shown 
for both the control and intervention group. Both groups are divided into patients with a base-
line EELV >1.5L or baseline EELV ≤1.5L. * Indicates significant differences according to patients 
from the same protocol, but with a baseline EELV ≤1.5L. Significant difference between the 
intervention group and control group, within the same baseline EELV group are indicated by #. 
Significant differences as compared to baseline are indicated by $. p <0.05 was considered to 
be statistically significant.
Discussion
In the present study, an EELV-guided PEEP protocol was able to restore EELV to predicted su-
pine values and resulted in a significant increase of arterial oxygenation during the 48-h ob-
servation period. In controls, PEEP levels applied according the FiO2-PEEP ARDSnetwork table 
could be lowered whereas EELV kept stable during the observation period.
A possible method to identify optimal PEEP is the measurement of functional residual capacity 
(FRC). FRC is the lung volume at the end of expiration during spontaneous breathing; there-
fore, it is more appropriate to speak of EELV during mechanical ventilation. FRC is normally 
measured in the sitting or standing position and is gender, height and age dependent. Ibanez 
et al.17 showed in healthy volunteers that FRC decreased by 25% after changing their posi-
tion from sitting to supine during spontaneous breathing. If one assumes that ventilation of 
a ‘healthy’ lung at a PEEP of 5 cm H2O occurs approximately at the FRC level, we found a re-
duction of 34% of the predicted values in patients mechanically ventilated but without lung 
disorders12. This extra reduction of EELV (34% vs. 25%) is probably due to loss of muscle tension 
attributed to the use of sedation in patients in the intensive care unit. Therefore, in the present 
study, we used a 30% correction for predicted EELV in supine position. Thus, in controls, at 
baseline the EELV measurement of 85% of the predicted supine position means 55% of the 
predicted sitting position (Table 2).
Chiumello et al.23 measured FRC (without PEEP) in patients with and without lung injury and 
found a FRC of 83±37% of expected supine FRC in surgical patients and 42±21% in ARDS pa-
tients. Dellamonica et al.8 measured a FRC of 31±11% of predicted supine position in patients 
with ARDS, and only 5 of the 30 patients reached the predicted supine EELV after a recruitment 
and a PEEP of 15 cm H2O. In an earlier study we measured EELV at three PEEP levels (5, 10 and 
15 cm H2O) in patients with and without lung disorders and found that EELV was only 34% and 
65% of predicted sitting values in patients with moderate ARDS at a PEEP level of 5 and 10 cm 
H2O, respectively
12. In the present study, EELV was 34% of the predicted sitting value in the 
intervention group, but already 55% in controls at baseline, both ventilated at a PEEP level of 
around 11 cm H2O. 
Maisch et al.24 performed an incremental and decremental PEEP trial values ranging from 0-15 
PEEP, in 20 patients undergoing faciomaxillary surgery. EELV increased with each PEEP step 
and EELV was maximal at the highest PEEP level used. Therefore, it was concluded that EELV 
cannot be used as a parameter to describe the optimal PEEP, but could be used in combination 
with dynamic compliance or dead space. Thus, EELV should be measured to establish if the 
lung is atelectatic and, thereafter, a recruitment maneuver in combination with an increase 
in PEEP could be performed, followed by another EELV measurement. The improvement in 
EELV should be more than the volume of the product of the initial compliance times the PEEP 
increase in cm H2O by recruitment, otherwise there is only dilatation of already extended air-
ways and open alveoli. However, because most patients in the present study were ventilated 
by means of pressure support, compliance could not be adequately calculated due to the ad-
ditional effort of the diaphragm. Therefore, we analyzed VCO2 (Fig. 2) and found a decrease 
in VCO2 in the intervention group and this suggests alveolar hyperinflation due to the high 
PEEP levels applied. Too high PEEP levels leads to a V/Q mismatch and thus lower amounts of 
exhaled CO2. In the control group VCO2 increased while lower PEEP levels were applied after 24 
hours of ventilation according to the protocol (Fig. 2).
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Protti et al.9 recently showed that animals ventilated with a strain of 2.5 due to high tidal vol-
umes increased mortality, whereas ventilation at 2.5 strain but mainly due to applied PEEP in 
combination with low tidal ventilation did not result in edema and the animals survived. This 
indicates that applying high PEEP is not necessarily harmful but EELV measurements should 
be performed regularly in order to identify recruiters from non-recruiters in avoiding hyper-
ventilation. Gonzales Lopez et al.22 calculated lung strain, due to tidal volume, based on EELV 
(=dynamic strain) in 22 patients (6 controls and 16 ALI) during volume-controlled ventilation, 
and found that a dynamic strain >0.27 significantly increased inflammatory cytokines as meas-
ured in bronchoalveolar lavaged fluid. In the present study, dynamic strain could be improved 
only in the EELV-guided PEEP protocol in patients with low lung volumes (EELV ≤1.5 L) whereas 
not in controls (Table 3). 
This study has some limitations. Firstly, the maximum PEEP level that could be applied dur-
ing the study was 20 cm H2O, as the COVX-module has an upper pressure limit of 20 cm H2O 
to reliably measure EELV11. Secondly, this study was designed to assess the feasibility of an 
EELV-guided PEEP protocol but, despite randomization, differences were present between the 
groups at baseline; the intervention group had more patients with severe ARDS and the lung 
injury score was slightly higher. However, because the present study was not designed to ex-
amine outcome measures, larger RCTs are required for this purpose and to decrease the prob-
ability of imbalances between the groups. 
Conclusion
In this single-center RCT an EELV-guided PEEP strategy was able to restore EELV to predicted 
values in patients with moderate ARDS and resulted in significantly increased arterial oxygena-
tion but at an expense of high PEEP levels. In patients with a reduced EELV, the EELV-guided 
PEEP protocol reduced dynamic strain significantly. An EELV driven protocol is recommended 
to optimize ventilatory settings in patients with moderate ARDS, but with a reduced EELV and 
therefore EELV measurement should be performed in advance.
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Lung stress and strain calculations in mechanically-ventilated patients in the  
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abstract
 
Background
Stress and strain are parameters to describe respiratory mechanics during mechanical ven-
tilation. Calculations of stress requires invasive and difficult to perform esophageal pressure 
measurements. We hypothesized: can lung stress be reliably calculated based on non-invasive 
lung volume measurements, during a decremental PEEP trial in mechanically-ventilated pa-
tients with different diseases? 
Methods 
Data of 26 pressure-controlled ventilated patients admitted to the ICU with different lung con-
ditions, were retrospectively analyzed: 11 Coronary-Artery Bypass Graft (CABG); 9 neurology; 6 
lung disorders. During a decremental PEEP trial (from 15 to 0 cmH2O in 3 steps) End-Expiratory 
Lung Volume (EELV) measurements were performed at each PEEP step, without interruption 
of mechanical ventilation. Strain, specific elastance and stress were calculated for each PEEP 
level. Elastance was calculated as delta PEEP divided by delta PEEP volume, whereas, specific 
elastance is elastance times FRC. Stress was calculated as specific elastance times strain. Global 
strain was divided in dynamic (tidal volume) and static (PEEP) strain.
results 
Strain calculations based on FRC showed mainly changes in static component, whereas calcu-
lations based on EELV showed changes in both the static and dynamic component of strain. 
Stress calculated from EELV-measurements was 24.0±2.7 and 13.1±3.8 cm H2O in the lung dis-
order group at 15 and 5 cm H2O PEEP. For the normal lungs, the stress values were 19.2±3.2 and 
10.9±3.3 cm H2O, respectively. These values are comparable to earlier publications. Specific 
elastance calculations were comparable in patients with neurologic and lung disorders and 
lower in the CABG group due to recruitment in this latter group. 
Conclusion 
Stress and strain can reliably be calculated at the bedside based on non-invasive EELV-meas-
urements during a decremental PEEP trial in patients with different diseases.
Introduction
In the field of engineering, stress and strain are frequently used terms to describe the effect of 
external force acting on a subject. Stress is defined as the internal distribution of forces per unit 
of area of a specific material by an external force. The resulting change in shape of the material 
by the stress applied is called strain. In the 1960s, the terms stress and strain were introduced 
by pulmonary physiologists to describe respiratory mechanics1. Lung stress describes the dis-
tribution of forces due to PEEP and tidal volume, whereas strain describes the resulting change 
in lung volume. 
Calculations of strain require measurements of functional residual capacity (FRC). Traditional 
FRC measurements needed tracer gases, and expensive and bulky equipment2;3.Olegard et al.4 
devised the nitrogen multiple breath wash-out (NMBW) technique to measure FRC at the bed-
side without interruption of mechanical ventilation and additional tracer gases. The NMBW 
method is integrated in a standard ICU-ventilator and uses a step change in fraction of inspired 
oxygen (FiO2) to calculate FRC. However, lung volume is influenced by the use of PEEP and 
therefore it is better to speak of EELV5. 
For the calculation of stress, the specific elastance should be known or transpulmonary pres-
sures measurements are required. Stenqvist et al. 6 recently developed a technique to calculate 
elastance without the use of transpulmonary pressure measurements by using EELV measure-
ments. They showed6 that calculating elastance from EELV measurements correlates very well 
with elastance calculated from esophageal pressure measurements (r2=0.96) in patients with 
moderate or severe respiratory failure. For patients with pulmonary and extrapulmonary acute 
respiratory distress syndrome (ARDS), this comparison resulted in a r2=0.99. With this knowl-
edge, the elastance can be calculated by dividing the change in PEEP by the change in PEEP 
volume. However, specific elastance is the elastance normalized for FRC.
The hypothesis of the present study was: Can lung stress be reliably calculated based on non-
invasive lung volume measurements, during a decremental PEEP trial in mechanically venti-
lated patients with different diseases? Therefore, FRC (EELV at ZEEP) and EELV were measured 
during a decremental PEEP trial, in patients with different lung conditions, and stress and strain 
were calculated at each PEEP step. 
Materials and methods
Study population
Retrospective lung volume data were collected from 26 pressure-controlled mechanically-ventilated 
patients admitted to the intensive care unit (ICU). The data of the included patients have been used 
earlier and the results are described in two earlier publications5;7. Patients were considered eligible 
for inclusion in this study if lung volume data at zero PEEP (ZEEP) were present, and if they were me-
chanically-ventilated for <48h at inclusion to the original study. The local Medical Ethics committee 
(Medical Ethical Committee Rotterdam. Dr. Molewaterplein 50, 3015 GE Rotterdam, The Netherlands.) 
approved the study protocol (02 July 2009; permit nr. MEC-2009-222) and informed consent was ob-
tained from the patient or a legal representative. The exclusion criteria were severe hemodynamic 
instability (arterial pressure below 60 mmHg, active bleeding, or adrenergic agents other than dobu-
tamin required to maintain blood pressure or output), pneumothorax, thoracic deformations, and se-
vere airflow obstruction due to chronic obstructive pulmonary disease (COPD). COPD was defined as 
forced expiratory volume in 1 s or vital capacity below predicted value minus two standard deviations.
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Study protocol and measurements
All patients received pressure-controlled ventilation (PCV) (Engström Carestation, GE Health-
care, Madison, WI, USA) as this is the standard of care in our hospital. The inspiratory pressure 
above PEEP (Pinsp) was tailored to reach a tidal volume of 8±2 ml/kg predicted body weight, 
and remained unchanged during the entire PEEP trial. In addition, FiO2 was set to achieve a 
PaO2 of 8-12 kPa. First baseline measurements were performed, after which a recruitment ma-
neuver (RM) was performed using a peak inspiratory pressure (PIP) of 40 cm H2O with 20 cm 
H2O PEEP for 30-40 seconds, during which the respiratory cycle continued, in order to continue 
gas exchange. A PEEP of 15 cm H2O was applied for 15 minutes to achieve a steady-state situ-
ation, by means of a stable carbon-dioxide volume (VCO2) signal for at least 10 min. Steady-
state was based on VCO2 as this is the main parameter in the formula to calculate EELV
4, which 
is integrated in the Engström Care station. The first PEEP level was set to 15 cm H2O in order 
to avoid peak inspiratory pressures above 30 cm H2O. Thereafter, a decremental PEEP-trial was 
performed from 15 to 0 cm H2O PEEP in steps of 5 cm H2O. Each PEEP level was applied for 10-
20 min, dependent on the hemodynamics and respiratory stability of patient. 
Calculation of EELV, FRC, PEEP volume, strain, specific elastance, and stress 
We measured EELV using the NMBW technique devised by Olegard et al.4 The Engström Car-
estation ventilator is equipped with an integrated COVX-module, which delivers data required 
to calculate EELV. EELV measurements require a step change in FiO2. EELV is automatically 
measured twice (wash-out and wash-in) within one procedure, using a FiO2 step change of 0.2. 
At each PEEP level, the EELV measurements were repeated. We considered the EELV measure-
ment at ZEEP as FRC of the lungs. 
Strain describes the relation between end-inspiratory volume (i.e. tidal volume + PEEP volume) 
and FRC, and is calculated using formula [1]8: 
 Strainglobal = [1]
VT  + VPEEP
FRC
(VT = tidal volume; VPEEP= difference between EELV and FRC; FRC= EELV measured at ZEEP)
Protti et al.9, introduced the terms static strain and dynamic strain. Lung tissue deformation 
due to application of PEEP is called static strain, as the energy is only once applied to the lungs. 
Tidal ventilation is a dynamic process, as the energy is cyclically applied to the lungs. Therefore, 
lung deformation due to tidal volume is called dynamic strain9. Static strain and dynamic strain 
are calculated according to the following formulas [2 and 3]9:
 
Strainstatic = [2]
VPEEP
FRC
 
Straindynamic = [3]
VT
FRC
(VPEEP= difference between EELV and FRC; VT= tidal volume; FRC= EELV measured at ZEEP)
Stress is calculated using the following formula 10:
 
Stress = Specic elastance × Strain [4]
Elastance was calculated by the formula as proposed by Stenqvist et al.6: 
 Elastance = [5]
∆PEEP
∆VPEEP
 Specic elastance = elastance × FRC [6]
(VPEEP = VPEEP= difference between EELV and FRC)
For stress calculations, both the strain and specific elastance at a particular PEEP level were 
used. For example, to calculate stress at a PEEP level of 15 cm H2O the strain and specific 
elastance at that PEEP level were used.
Statistics
Statistical analyses were carried out using SPSS 21 (IBM, Chicago, IL, USA). Unless specified 
otherwise, the values are stated as mean ± SD. We screened the distribution of our data using 
the Kolmogorov-Smirnov-test for normal distribution and the Brown-Forsythe-test for homo-
scedasticity. If the data appeared to be distributed normally, we applied ANOVA. Otherwise, 
the analysis was carried out using the independent samples Kruskal-Wallis test. A linear re-
gression model was performed to compare the stress measured by Chiumello et al. 10 with our 
stress calculations (Graphpad Prism version 5.0, Graphpad Software Inc., San Diego, USA). For 
all comparisons p <0.05 was considered to be significant.
results
The included patients are divided into three groups based on the diseases (Table 1): coronary-
artery bypass graft (CABG), neurology patients, and lung disorder patients. 
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 Disease characterization of the patient groups  
CABG Neurology Lung disorders
CABG 11
SAH 7
Neuro-trauma 2
Pneumonia 5
Abdominal sepsis 1
N 11 9 6
Table 1: Coronary artery bypass graft (CABG); sub-arachnoidal haemorrhage (SAH); number 
of patients (N).
Patient characteristics are shown in Table 2. The patients were ventilated with a constant 
pressure amplitude or driving pressure (CABG: 10±2 cm H2O; neurology: 13±4 cm H2O; lung 
disorders: 15±5 cm H2O) during the entire PEEP trial. The PaO2/FiO2 ratio was significantly 
lower in the lung disorder group compared to both other groups, whereas EELV measured at 
5 cm H2O of PEEP were comparable between the groups. At ZEEP, the FiO2 was increased in 
three CABG patients to maintain a PaO2 between 8 and 12 kPa. The measured baseline EELV 
was presented as a percentage of predicted supine FRC to estimate the amount of collapsed 
lung tissue (Table 2), and no significant differences were found between the groups (Table 2). 
Changes in respiratory parameters during the decremental PEEP trial for each group are shown 
in Table 3. There were no significant differences in tidal volume during the PEEP trial for each 
group, except at ZEEP in the CABG and lung disorders group. At 5 and 0 cm H2O of PEEP, EELV 
significantly decreased in each group (Table 3). Only in the CABG group, a significant decrease 
in PaO2/FiO2 was seen at 5 and 0 cm H2O PEEP (Table 3).
Figure 1 represents the global, static, and dynamic strain for each PEEP level based on FRC. 
The global strain was above 2 only in the CABG group at a PEEP of 15 cm H2O (Fig. 1). At 
the three PEEP levels (15, 10, and 5 cm H2O), global strain in the lung disorder group was 
significantly higher compared to neurology group (Fig. 1), but global strain in the CABG group 
was significantly higher compared to the lung disorder group (Fig. 1). Dynamic strain did not 
change significantly in any of the groups during the decremental PEEP trial, except at ZEEP in 
the CABG group due to collapse (Fig. 1). 
Baseline demographics 
CABG Neurology Lung disorders
N 11 9 6
Age (years) 70 ± 10 54 ± 18a 63 ± 11
Male : Female (n) 7 : 4 6 : 3 5 : 1
Heart rate (BPM) 75 ± 15 78 ± 10 84 ± 32
Weight (kg) 78 ± 13 75 ± 10 77 ± 17
PBW (kg) 66 ± 9 71 ± 10 71 ± 8
Height (cm) 172 ± 9 177 ± 9 176 ± 7
BMI 27 ± 4 24 ± 3 25 ± 5
Respiratory rate (BPM) 15 ± 1 16 ± 4 16 ± 2
PEEP (cmH2O) 5 5 5
PIP (cmH2O) 15 ± 2 18 ± 4 20 ± 5
b
VTe (mL) 559 ± 89 518 ± 46 728 ± 158
b,c
VT/PBW (mL/kg) 8.5 ± 1.1 7.2 ± 1.2
a 10.3 ± 1.8c
EELV (L) 2.49 ± 0.80 2.29 ± 0.49 2.12 ± 0.64
EELV of predicted supine FRC (%) 69.1 ± 28.3 79.4 ± 28.5 64.7 ± 22.6
LIS 1.4 ± 0.4 1.2 ± 1.0 1.8 ± 0.8
PaO2/FiO2 ratio (kPa) 40 ± 17 49 ± 4 28 ± 5
b,c
FiO2 (%) 41 ± 2 37 ± 5
a 52 ± 13bc
Table 2: Coronary Artery Bypass Graft (CAB); Predicted body weight (PBW); Body Mass Index 
(BMI); Positive End-Expiratory Pressure (PEEP); Peak Inspiratory Pressure (PIP); expiratory tidal 
volume (VTe); End-Expiratory Lung Volume (EELV); Functional Residual Capacity (FRC); Lung In-
jury Score (LIS); Positive End-Expiratory Pressure (PEEP). Fraction of inspired oxygen (FiO2). The 
results are shown as mean ± SD unless otherwise specified. Significant differences are marked 
as: a)= CABG vs. neurology; b)= CABG vs. Lung disorders; c)= neurology vs. Lung disorders. Dif-
ferences are considered to be significant if p <0.05.
Specific elastance was calculated for each PEEP level and is shown in figure 2. The lung disor-
der group and neurology group had comparable specific elastance values, whereas specific 
elastance was significantly lower in the CABG group at all PEEP levels (Fig. 2).
The stress is shown in figure 3. At PEEP of 15 cm H2O, the global stress decreased with each 
PEEP step in all groups (Fig. 3). Global stress was significantly lower in the CABG group as com-
pared to the neurology and lung disorders groups at all PEEP levels.
In addition, we divided the CABG group in patients with and without collapse-prone lungs 
based on PaO2/FiO2 ratio <40 or >40 kPa (Fig. 4). In patients with a PaO2/FiO2 ratio <40 kPa 
(collapse-prone lungs), global strain was significantly higher in CABG patients with a PaO2/FiO2 
ratio <40 kPa as compared to CABG patients with P/F ratio >40 kPa (Fig. 4).
In addition, we calculated the global, static, and dynamic strain for each PEEP level based on 
EELV to diminish the effect of recruitment (Fig. 5). In contrast to strain calculations based on 
FRC (Fig. 1), the dynamic strain based on EELV increased at lower PEEP levels (Fig. 5). Dynamic 
strain was significantly higher in the lung disorder group compared to both other groups at 
the used PEEP levels (Fig. 5)
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respiratory parameter during the decremental PeeP trial
PEEP (cm H2O) 15 10 5 0
Peak inspiratory pressure (cm H2O)
CABG 25±2 20±2* 15±2* 10±2*
Neurology 28±4 22±4* 18±4* 14±5*
Lung disorders 32±4 25±5* 20±5* 15±5*
Delta inspiratory pressure (cm H2O)
CABG 10±2 10±2 10±2 10±2
Neurology 13±4 12±4 13±4 14±5
Lung disorders 17±4 15±5 15±5 16±4
Expiratory Tidal volume (ml)
CABG 587±117 613±102 559±89 397±91*
Neurology 509±50 511±53 518±46 509±60
Lung disorders 674±120 701±158 728±158 579±79*
Respiratory elastance (cm H2O/L)
CABG 17.5±2.6 16.7±2.2 18.2±2.6 26.2±5.1*
Neurology 26.3±6.9 24.5±7.4 24.8±8.0 27.7±9.1
Lung disorders 26.1±9.5 21.3±8.3 21.0±9.7 26.5±11.5
EELV (L)
CABG 3.97±0.70 3.35±0.86 2.49±0.80 1.58±0.63*
Neurology 2.91±0.49 2.68±0.47 2.29±0.49 1.83±0.53*
Lung disorders 2.72±0.89 2.52±0.79 2.12±0.64 1.57±0.48*
PEEP-volume (L)
CABG 2.39±0.42 1.77±0.45* 0.91±0.25* -
Neurology 1.08±0.49 0.84±0.32 0.46±0.22* -
Lung disorders 1.20±0.37 0.95±0.43 0.55±0.30* -
PaO2/FiO2 (kPa)
CABG 63±14 61±14 45±14* 27±10*
Neurology 55±10 55±11 54±12 49±13
Lung disorders 37±15 34±11 29±4 24±3
FiO2 (%)
CABG 41±2 41±2 41±2 45±8*
Neurology 37±5 37±5 37±5 36±4
Lung disorders 52±13 52±13 52±13 50±6*
Table 3: Respiratory elastance was calculated as the ratio of delta inspiratory pressure and 
expiratory tidal volume. End-Expiratory Lung Volume (EELV) at 0 cm H2O PEEP was considered 
as functional residual capacity. Fraction of inspired oxygen (FiO2). Significant differences as 
compared to 15 cm H2O PEEP are indicated by *. p <0.05 was considered to be statistically 
significant.
Discussion
Specific elastance and strain can easily be calculated at the bedside using the non-invasive FRC 
measurements technique without interruption of mechanical ventilation, and from these re-
sults stress can be calculated without the measurement of esophagus pressure. Calculations of 
stress and strain based on non-invasive lung volume measurements can be reliably performed 
during a decremental PEEP trial. Strain has low values in low collapse-prone lungs, whereas 
high values in high collapse-prone lungs after increasing PEEP. This indicates that recruitability 
of lung tissue influences strain more compared to collapse of lung tissue.
Strain calculated during the decremental PeeP trial based on frC.
figure 1: Calculated strain during the decremental PEEP trial. Data are shown as mean ± SE. 
Open triangles: global strain; open circles: static strain (PEEP); closed circles: dynamic strain 
(tidal volume); dashed lines: interpolation lines. Differences are considered to be significant if 
p <0.05. * indicates significant changes in global strain; # indicates significant changes in static 
strain; $ indicates significant changes in dynamic strain.
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figure 2: Data are shown as mean ± SE. Solid squares: CABG group; Solid arrow: neurology 
group; Solid diamond: lung disorders group.
During mechanical ventilation, external energy is applied to the lung due to tidal ventilation 
and application of PEEP. This energy is applied to the lung parenchyma creating lung tissue 
damage, known as ventilator-induced lung injury (VILI). To describe the stress raisers on lung 
parenchyma, the parameters stress, specific elastance, and strain are introduced (stress = spe-
cific elastance x strain). Chiumello et al.10 calculated lung stress and strain in 80 volume-con-
trolled ventilated patients with and without lung disorders, at four different tidal volumes (6, 8, 
10, and 12 mL/kg) and during two different PEEP levels (5 and 15 cm H2O). EELV was measured 
using a balloon with helium, and mechanical ventilation was interrupted during each meas-
urement. Stress was calculated based on esophageal pressure measurements. From both re-
sults, specific elastance was calculated and was around 13.5 cm H2O/l for all patients with and 
without lung disorders and did not change with tidal volume and PEEP. Our results of specific 
elastance values were comparable for both the lung disorder and neurology group, whereas 
not for the CABG group in which specific elastance was around 50% due to recruitability (Fig. 
2). Dellamonica et al.11 calculated lung strain in 30 volume-controlled ventilated patients and 
found that the static strain was higher in patients with high collapse prone lungs compared 
to low recruiters between high and low PEEP. This was also seen in the present study in which 
global strain was the highest in the CABG patients with a P/F ratio <40 kPa (Fig. 4). 
figure 3: Calculated stress for three groups of patients with different lung conditions. Data are 
shown as mean ± SE. In both the CABG and lung disorders groups, global stress significantly 
decreased with each PEEP step, as indicated by * and $ respectively. In the neurology group 
global stress only significantly decreased at 5 cm H2O PEEP as compared to 15 cm H2O PEEP, as 
indicated by #. At all PEEP levels the global stress was significantly lower in the CABG group as 
compared to the neurology and lung disorders groups (indicated by ** and ## respectively). 
Solid squares: CABG group; Solid arrow: neurology group; Solid diamond: lung disorders 
group. Data was considered to be significantly different if p <0.05. 
Gonzalez-Lopez et al.12 calculated lung strain during volume-controlled mechanical ventilation 
in 22 patients (16 ALI, 6 controls), without changing ventilator settings. They used EELV instead 
of FRC and then dynamic strain is only calculated. It was shown that in patients with ALI and 
a strain > 0.27 resulted in significantly more inflammatory cytokines, measured in bronchoal-
veolar lavage fluid (BALF). In the present study, patients with lung disorders had a dynamic 
strain of > 0.27 at all used PEEP levels, but in the CABG, and neurology group dynamic strain 
was > 0.27 only at ZEEP (Fig. 5). This means that tidal volume is harmful at ZEEP due to the risk 
of hyperinflation in an atelectatic lung. 
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figure 4: Data are shown as mean ± SE. strain is calculated for Coronary Artery Bypass Graft 
(CABG) patients with a PaO2/FiO2 ratio smaller or larger than 40 kPa. Open triangles: global 
stress or strain; open circles: static stress or strain (PEEP); closed circles: dynamic stress or strain 
(tidal volume); dashed lines: interpolation lines. All differences are considered to be significant 
if p <0.05. *) Indicates significant differences in global strain; #) indicates significant differences 
in static strain; $) indicates significant differences in dynamic strain.
Transpulmonary pressure is considered as the main factor of ventilator-induced lung injury. 
However, measurements of transpulmonary pressure using an esophageal pressure balloon 
are challenging and therefore a less used technique in daily practice. Therefore, there is a need 
for an easy to use method to calculate transpulmonary pressure. Recently, Stenqvist et al.6 pro-
posed a method to calculate transpulmonary pressures based on non-invasive EELV measure-
ments, during an incremental PEEP trial. They showed in 13 ex-vivo pigs that the change in 
lung volume could be predicted from the change in PEEP divided by lung elastance calculated 
from esophageal pressure measurements. Therefore, specific elastance could be calculated by 
multiplying elastance by FRC, in which elastance is calculated as delta PEEP divided by del-
ta EELV. Recently Lundin et al.13 confirmed this method in 12 ARDS patients. They calculated 
elastance from esophageal pressure measurements and the Stenqvist method, and found a 
close correlation (r2=0.80). 
In the study of Chiumello et al.10, it was shown that stress values, based on esophagus pressure 
measurements, were 21.8±5.4 and 13.3±3.7 cm H2O at respectively 15 and 5 cm H2O of PEEP 
and tidal volume of 10 ml. In the present study, we found 24.0±2.7 and 13.1±3.8 cm H2O in the 
lung disorder group at the same PEEP and tidal volume. In addition, Chiumello et al.10 showed 
that for patients with normal lungs, the stress values were 19.2±3.2 and 10.9±3.3 cm H2O at re-
spectively 15 and 5 cm H2O of PEEP and tidal volume of 8 ml, whereas we found similar values: 
21.3±8.1 and 10.6±4.7 cm H2O at the same PEEP and tidal volume. It is shown that the validity 
of esophageal pressure measurements as a surrogate for transpulmonary pressure measure-
ments is limited14-16. Recently, Chiumello et al.17 compared two different methods to define 
transpulmonary pressures: directly measured via absolute esophagus pressure and indirectly 
measured via the ratio of lung elastance and respiratory system elastance. They found that 
the directly measured esophageal pressure by an esophageal balloon were highly variable 
between patients and was not related to lung weight, chest wall elastance, and amount of lung 
collapse. It was concluded that the elastance derived method to calculate esophageal pres-
sure should be preferred because no disconnection from the ventilator is required and thereby 
avoiding PEEP loss and derecruitment.
Strain calculated during the decremental PeeP trial based on eeLV.
figure 5: Calculated strain, based on EELV, during the decremental PEEP trial. Data are shown 
as mean ± SE. The horizontal wide-dashed line represents a threshold strain of 0.27 according 
the suggestion of Gonzalez-Lopez et al. 12. Open triangles: global strain; open circles: static 
strain (PEEP); closed circles: dynamic strain (tidal volume); dashed lines: interpolation lines. Dif-
ferences are considered to be significant if p <0.05. *) Indicates significant changes in global 
strain; #) indicates significant changes in static strain; $) indicates significant changes in dy-
namic strain. 
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Do the stress and strain calculations have additional information at the bedside for the clini-
cians to guide ventilation strategies? Stress increases linearly with the PEEP and the highest 
values were around 20-25 cmH2O in the present study. It has been demonstrated that transpul-
monary pressures of above 25 cmH2O are injurious but this is different
18. Transpulmonary pres-
sure increases during spontaneous breathing due to negative pleural pressure whereas de-
creases in patients with stiff chest wall or low lung compliance as seen in patients with ARDS. 
Therefore, stress calculations do not have additional information compared to transpulmonary 
pressure. However, the strain calculations based on EELV might be a useful parameter at the 
bedside to assess ventilator settings. The studies of Protti et al.9;19 clearly demonstrated that 
tidal volume is harmful to the lungs, whereas PEEP worked protective. In the present study, we 
found that dynamic strain (Vt/EELV) calculated on EELV corrects the strain for alveolar recruit-
ment but resulted also in higher values at lower PEEP levels although the inspiratory pressure 
were the same. The highest values were seen during ZEEP and this is of special interest. Dur-
ing ZEEP, the lung could be collapsed and less alveoli are available to receive tidal ventilation, 
whereas after recruitment in combination with higher levels of PEEP, higher tidal volume can 
be applied without damaging the lung. Therefore, we believe that dynamic strain calculations 
based on EELV could be useful at the bedside but outcome studies are needed to investigate 
the roll of a strain-guided ventilation protocol.
As we analyzed data of lung volume measurements from earlier studies with a different re-
search question, the study design has some limitations: Firstly, we did not measure esophagus 
pressures in the present study and compared our data with previous published data6;13. Sec-
ondly, Stenqvist et al. calculated specific elastance 6 during an incremental PEEP trial, whereas 
we performed a decremental PEEP trial. In a recent experimental study20, we performed an 
incremental and decremental PEEP trial in healthy and ARDS lungs. EELV at ZEEP did not sig-
nificantly differ between both PEEP trials for both healthy and ARDS lungs. Therefore, in our 
opinion specific elastance, stress and strain can be calculated reliably during a decremental 
PEEP trial. Thirdly, the lung injury group is a relative small group of patients in this study. Fi-
nally, we did not use CT or EIT to assess ventilation homogeneity. However, we believe that all 
techniques used to gather all the information are reliable and suitable for the research goal of 
the present study.
In conclusion, calculations of specific lung elastance, stress and strain based on non-invasive 
lung volume measurements can be reliably done and also during a decremental PEEP trial, in 
mechanically ventilated patients with different lung conditions. In addition, stress and strain 
calculations based on EELV should be preferred to correct for lung volume recruitment.
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ChaPTer 5
Global and regional parameters to visualize the ‘best’ PeeP during a PeeP trial in a  
porcine model with and without acute lung injury
Bikker I.G, Blankman P, Specht P, Bakker J, Gommers D
Minerva Anestesiol 2013; 79(9): 983-992
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abstract
Background
Setting the optimal level of positive end-expiratory pressure (PEEP) in critically ill patients re-
mains a matter of debate. ‘Best’ PEEP is regarded as minimal lung collapse and overdistention 
to prevent lung injury. In this study, global and regional variables were evaluated in a porcine 
model to identify which variables should be used to visualize ‘best’ PEEP. 
Methods
Eight pigs (28-31 kg) were studied during an incremental and decremental PEEP trial before 
and after the induction of acute lung injury (ALI) with oleic acid. Arterial oxygenation, compli-
ance, lung volume, dead space, esophageal pressure and electrical impedance tomography 
(EIT) were recorded at the end of each PEEP step. 
results
After ALI, ‘best’ PEEP was comparable at 15 cm H2O between regional compliance of the dorsal 
lung region by EIT and the global indicators: dynamic compliance, arterial oxygenation, alveo-
lar dead space and venous admixture. After ALI, the intratidal gas distribution was able to de-
tect regional overdistention at 15 cm H2O PEEP. ‘Best’ PEEP based on transpulmonary pressure 
was lower and no optimal level could be found based on lung volume measurements alone. 
In addition, the recruitment phase significantly improved end-expiratory lung volume, PaO2, 
venous admixture and regional and global compliance, both in ALI and the ‘healthy’ lung. 
Conclusion
Most of the evaluated parameters indicate comparable ‘best’ PEEP levels. However, a combina-
tion of these parameters, and especially EIT-derived intratidal gas distribution, might provide 
additional information. The application of lung recruitment was beneficial in both ALI and the 
‘healthy’ lung.
Introduction
Although mechanical ventilation is essential for the survival of most patients with respiratory 
failure admitted to the intensive care unit (ICU), it can exacerbate lung damage and may even 
be the primary factor in acute lung injury (ALI)1. Protective ventilatory strategies have been 
introduced to attenuate ventilator-induced lung injury, including reduction of tidal volume 
and prevention or minimization of lung collapse and overdistention by optimal setting of the 
positive end-expiratory pressure (PEEP)2-4. However, large clinical trials comparing high vs. low 
PEEP with fixed low tidal volume were unable to demonstrate differences in mortality. Even a 
meta-analysis could only demonstrate a significant difference in the subgroup with ARDS pa-
tients, in favor of higher PEEP protocols5. Therefore, endpoints other than mortality are needed 
to guide PEEP settings in individual patients. 
Currently, PEEP setting is often guided by global lung parameters such as arterial oxygena-
tion, global compliance and dead space ventilation3;6;7. PEEP is generally only increased after 
increased oxygen requirements following the ARDSnet protocol; however, this may also lead 
to overdistention in some of these patients3;8. The highest dynamic compliance obtained from 
a decremental PEEP titration has been proposed as a tool to find an optimal balance between 
the mechanical forces acting on the lung and set ‘best’ PEEP6;7;9. However, global indicators are 
not specific for regional lung collapse or overdistention and, especially in patients with respira-
tory failure, the lung may be atelectatic or consolidated in the dependent regions10. Talmor et 
al. 11 used transpulmonary pressures measured with an esophageal balloon to set the ‘best’ 
PEEP, aiming at preventing alveolar collapse by counterbalancing the gravitational force of the 
dependent lung with an equal or higher PEEP level than the measured intra-thoracic pressure. 
In addition, electrical impedance tomography (EIT), a real-time imaging method, provides a 
cross-sectional image of the ventilated lung and is able to monitor regional ventilation distri-
bution12-14. Using this method, our group has shown the possibility to differentiate between 
collapse and overdistention during a PEEP trial in mechanically ventilated patients15;16. In addi-
tion, Löwhagen et al. 14 introduced the EIT parameter ‘intratidal gas distribution’ to monitor the 
effect of PEEP on gas distribution to optimize PEEP in ARDS patients.
Therefore, in a porcine model before and after the induction of ALI, this study evaluates global 
and regional variables to identify which parameters should be used to describe ‘best’ PEEP. 
Another aim is to establish whether EIT parameters have additional value over the existing 
parameters in order to describe the ‘best’ PEEP. 
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Materials and Methods
Ethics Statement
The study was approved by the Erasmus MC Animal Experimental Committee (Permit nr. 142-
08-01) and conducted in accordance with the National Guidelines for Animal Care and Han-
dling. The entire experiment was performed under midazolam and fentanyl anesthesia. After 
completion of the experiment, animals were sacrificed with pentobarbital overdose. All efforts 
were made to minimize suffering.
 
Animal preparation and data acquisition
(A more extensive description is available as an online supplement) In eight Yorkshire/Lan-
drace pigs (28-31 kg) anesthesia was induced and venous access established. Cervical trache-
otomy was performed and the pigs were connected to the EVITA XL ventilator (Dräger Medical, 
Lübeck, Germany). Both an arterial and pulmonary artery thermodilution catheter were placed. 
Respiratory variables were monitored with the NICO (Novametrix, Wallingford, CT, USA), the 
LUFU system for end-expiratory lung volume (EELV) measurements (Dräger Medical, Lübeck, 
Germany), the Bicore 2 for esophageal pressures (Cardinal Health, Palm Springs, CA) and with EIT 
(EIT evaluation kit 2, Dräger, Lübeck, Germany). The EIT data were analyzed offline, using special 
software (EITdiag, Dräger Medical, Lübeck, Germany), EIT images were subdivided into two sym-
metrical non-overlapping ventral to dorsal oriented layers defined as regions of interest (ROI). 
 
Acute lung injury model
Oleic acid (OA) administration is a well-studied model of induction of ALI17. The mechanism 
is probably mainly due to a direct toxic effect on the endothelial wall. Grotjohan et al. 18 de-
scribed a titrated approach (mean dose 0.12 ml/kg) which resulted in a stable, reproducible 
model of ALI, with increased shunt fraction, decreased compliance, increased lung weight and 
alveolar edema in all lung lobes on chest X-ray. Hemodynamically, they observed decreased 
blood pressure and increased pulmonary artery pressure, mainly caused by vasoconstriction 
of pulmonary muscular arteries. The authors recommended a stabilization period of at least 30 
min after the last OA injection18, whereas we applied a 90-min period.
figure 1: Schematic drawing of the ventilatory procedures throughout the experiment. In-
creases and decreases of positive end-expiratory pressure (PEEP). The highest applied PEEP 
step was considered as the recruitment maneuver, 20 cm H2O before and 25 cm H2O after the 
induction of acute lung injury with oleic acid. VCV; volume controlled ventilation.
Experimental protocol
Ventilatory procedures throughout the experiment are shown in Figure 1. The animals were 
ventilated in volume-controlled mode. Tidal volume was set at 8 ml/kg, respiratory rate ad-
justed to a PaCO2 of 4.5-6.0 kPa and the inspiratory to expiratory ratio was 1:2. The FiO2 was 
set at 0.8 to obtain adequate levels of blood gases even after induction of ALI and to minimize 
the development of resorption atelectasis. These settings were kept constant throughout the 
experiment. Ventilation was started at a PEEP of 5 cm H2O.
After completion of the surgical protocol and the set-up of all necessary equipment, a stabi-
lization period of at least 30 min followed. Baseline values were recorded and the PEEP was 
stepwise increased by 5 cm H2O from 0 to 20 and then decreased in the same manner to 0. Each 
step lasted for about 15 min. Severe ALI was induced by OA injection (OA C18H34O2 Boom BV, 
Meppel, the Netherlands) (0.14±0.03 ml/kg) into the right atrium with the PEEP set at 2 cm H2O. 
Each animal received a bolus of 0.1 ml/kg injected over 20 min to obtain a PaO2 below 10 kPa, 
if necessary additional injections were given to reach this target. During OA injection a con-
tinuous infusion (0.02-0.28 mcg/kg/min) of norepinephrine (100 mcg/ml, Centrafarm Services 
BV, Etten-Leur, The Netherlands) through the ear vein was given to maintain a stable mean 
arterial pressure. After a steady state of at least 1.5 h after the induction of ALI, measurements 
were repeated during a PEEP trial from 0 to 25 cm H2O PEEP and again decremental steps to 0 
cm H2O PEEP, in the same manner as before ALI. The highest PEEP level during each trial was 
considered as the recruitment phase. During the PEEP trials, norepinephrine was administered 
to maintain a stable perfusion pressure; no additional fluid boluses were used to avoid fluid 
overload during the decremental PEEP steps.
At baseline and at the end of each step during the PEEP trials the following variables were ob-
tained: airway and esophageal pressures during an inspiratory and expiratory hold of 5 s, arte-
rial and mixed venous blood gases, volumetric capnography and EIT recordings; also, EELV was 
measured by changing the FiO2 from 0.8 to 0.6 and from 0.6 to 0.8. In addition, hemodynamic 
and ventilatory data were obtained.
In the present study, ‘best’ PEEP was defined for each individual parameter, aiming at the low-
est amount of lung collapse and, if possible, an optimum between lung collapse and lung 
overdistention. Therefore, maximum EELV, (regional) compliance and PaO2, the lowest venous 
admixture and dead space just before a significant increased value, and transpulmonary pres-
sures equal to or exceeding zero during end expiration were defined as ‘best’ PEEP. 
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hemodynamic variables during the PeeP trials, before and after induction of acute lung 
injury (aLI)
PEEP (cm H2O) 0 5 10 15 20 25 20 15 10 5 0
Before ALI
CO (L/min) 4.4 4.6 4.2 3.9 3.3 3.4 3.7 4.1 4.7
(2.0) (2.3) (1.7) (1.9) (1.7) (1.4) (1.3) (0.9) (1.0)
HR (bpm) 85 86 91 90 107 110 99 87 91
(27) (39) (33) (56) (69) (64) (52) (34) (24)
MAP (mmHg) 92 87 94 85 88 83 90 97 105
(21) (29) (24) (28) (6) (29) (20) (25) (19)
CVP (mmHg) 4 5 7 9 10 9 8 7 6
(8) (8) (8) (4) (8) (9) (7) (8) (9)
PAP (mmHg) 16 16 19 20 23 22 20 19 ( 20
(10) (6) (8) (8) (9) (9) (9) (10) (8)
Lactate (mmol/L) 0.7 0.6 0.7 0.6 0.6 0.7 0.7 0.6 0.6
(1.1) (0.8) (0.7) (1.0) (1.0) (1.0) (0.7) (0.5) (0.5)
Norepinephrine (mcg/kg/min) 0.00 0.00 0.00 0.02 0.10 0.05 0.00 0.00 0.00
(0.00) (0.00) (0.00) (0.12) (0.25) (0.15) (0.05) (0.00) (0.00)
After ALI
CO (L/min) 4.2 4.3 4.1 3.9 3.3 2.8 2.6 3.0 3.5 3.9 5.2
(1.1) (3.0) (2.7) (1.5) (0.9) (0.9) (0.6) (1.8) (1.9) (1.6) (1.5)
HR (bpm) 128 129 127 131 151 169 163 167 151 152 163
(53) (86) (45) (30) (55) (75) (75) (67) (45) (46) (25)
MAP (mmHg) 86 91 97 100 81 79 81 84 91 89 78
(28) (25) (24) (22) (25) (27) (25) (43) (28) (31) (36)
CVP (mmHg) 4 7 8 8 10 10 9 7 6 6 6
(6) (7) (7) (7) (7) (7) (7) (7) (8) (8) (7)
PAP (mmHg) 48 40 42 38 36 37 35 31 41 41 45
(13) (9) (10) (12) (13) (14) (10) (9) (13) (11) (12)
Lactate (mmol/L) 0.8 0.8 0.9 0.9 1.0 1.1 0.9 0.9 1.0 0.9 1.4
(0.7) (0.6) (0.5) (0.4) (0.5) (0.6) (0.6) (0.7) (0.7) (0.7) (1.1)
Norepinephrine (mcg/kg/min) 0.12 0,08 0.07 0.08 1.12 0.32 0.25 0.12 0.12 0.12 0.12
(0.23) (0.10) (0.07) (0.08) (0.37) (0.55) (0.57) (0.37) (0.35) (0.22) (0.53)
Table 1: Data are presented as mean (SD); CO, cardiac output; HR, heart rate; MAP, mean arte-
rial pressure; CVP, central venous pressure; PAP, pulmonary artery pressure.
Statistical analysis
Statistical analysis was performed with Graphpad software package (Graphpad software Inc. 
San Diego, USA). Results are expressed as mean ± SD for normal distributed data and median + 
interquartile range (IQR) for not normally distributed data. The Shapiro-Wilk normality test was 
used to evaluate the distribution of all data. Changes of EELV, PaO2, venous admixture, dead 
space and regional and global compliance were evaluated by the Wilcoxon test. Correlation 
between dynamic and static compliance was evaluated using Pearson’s correlation. P-values < 
0.05 were considered statistically significant.
results
Hemodynamic data during the PEEP trial are given in Table1. The effect of PEEP on the global 
lung parameters is shown in Figure 2. The induction of ALI led to a significant decrease in EELV, 
dynamic compliance and arterial oxygenation, and to a significant increase in both dead space 
and venous admixture at the corresponding PEEP level. Dynamic compliance was highly cor-
related with the static compliance of the respiratory system (p <0.001, r=0.97, R2=0.94). 
Best PEEP values are presented in Table 2. Before and after ALI, EELV had its maximum at the 
highest PEEP level directly after a recruitment maneuver (Fig. 2). Between identical PEEP levels 
before and after recruitment, EELV was significantly higher at PEEP 15, 10 and 5 cm H2O before 
ALI and at PEEP 20, 15 and 10 cm H2O after ALI (Fig. 2). Dynamic compliance was maximal at 
PEEP level of 10 cm H2O before ALI and at 15 cm H2O after ALI (Fig. 2). After ALI, alveolar dead 
space showed a significant increase after decreasing PEEP from 10 to 5 cm H2O (Fig. 2). Before 
and after ALI, PaO2 was maximum at the highest PEEP level (Fig. 2). Between identical PEEP 
levels before and after recruitment, PaO2 was significantly higher at PEEP 15, 10 and 5 cm H2O 
before ALI, and at PEEP 20 and 15 cm H2O after ALI (Fig. 2). Venous admixture was minimum at 
the highest PEEP level and showed a significant increase after decreasing the PEEP level from 
15 to 10 cm H2O, and during the subsequent PEEP steps before and after ALI. 
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Best PeeP values for the different parameters, before and after induction of acute lung 
injury (aLI)
Definition Before ALI After ALI
End-expiratory lung volume Highest 20 25
PaO2 Highest 5 15
Venous admixture Lowest 15 15
Alveolar dead space fraction Lowest 5 15
Compliance (global) Highest 10 15
EIT regional compliance 
 - ventral Highest 5 0
 - dorsal Highest 10 15
EIT intratidal gas distribution 5 10
Transpulmonary pressure End expiratory ≥ 0 5 10
Table 2: All values are expressed in cm H2O PEEP; PaO2, arterial oxygen tension; EIT, electrical 
impedance tomography
figure 2: End-expiratory lung volume (EELV), dynamic compliance, the ratio between alveolar 
dead space to alveolar tidal volume (VDalv/VTalv) and PaO2 are shown at each positive end-
expiratory pressure (PEEP) step. The highest applied PEEP step was considered as the recruit-
ment maneuver, 20 cm H2O before and 25 cm H2O after the induction of acute lung injury (ALI) 
with oleic acid. Data are presented as median with interquartile range.
Transpulmonary pressures during an inspiration and expiration hold at the studied PEEP levels 
are shown in Figure 3. During expiration, transpulmonary pressure was zero at 5 cm H2O PEEP 
before ALI and at 10 cm H2O PEEP after ALI (Fig. 3). During decremental PEEP steps, lower in-
spiratory transpulmonary pressures were required to maintain constant tidal volumes at the 
decremental PEEP steps, as compared to the equal incremental PEEP steps. This was not pre-
sent in the expiratory curves (Fig. 3).
 
figure 3: Transpulmonary pressures during inspiration and expiration holds at the applied 
PEEP levels, before (left panel) and after (right panel) the induction of acute lung injury (ALI) 
with oleic acid. Transpulmonary pressure was calculated by subtracting the esophageal pres-
sure from the airway pressure. Solid dots represent inspiratory values and open triangles rep-
resent expiratory values. Data are presented as mean + standard error of the mean.
Regional compliance calculated from the EIT in the dorsal to ventral orientated ROIs is shown 
in Figure 4. Higher regional compliance, caused by decreased inspiratory pressures while main-
taining equal tidal volumes, was found with decreasing PEEP. This was observed especially be-
fore ALI, and was more pronounced for the dorsal region (Fig.4). The maximal regional compli-
ance for the dorsal region during the decremental PEEP trial after the recruitment maneuver 
was 10 cm H2O before ALI, and 15 cm H2O after ALI (Fig. 4). The contribution of the dependent 
lung regions to the inspiration increased at higher PEEP levels.
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ffigure 4: Regional compliance in the ventral and dorsal regions of interest at the applied PEEP 
levels, before and after the induction of lung injury (ALI) with oleic acid. Regional compliance 
was calculated by dividing tidal impedance variation by the applied driving pressure. Data are 
presented as mean ± SE. 
Intratidal gas distribution (Fig. 5) shows a significantly different contribution of the dependent 
and non-dependent regions to the inspiration for each PEEP step after ALI. Also, before ALI, 
the intratidal gas distribution showed a significant difference between both regions at each 
PEEP level, except during 5 cm H2O. At this latter PEEP level, there was a cross-section between 
the dependent and non-dependent lung region before induction of ALI (Fig. 5). This cross-sec-
tion indicates the moment at which the non-dependent lung region becomes overdistended, 
which occurred between 15 and 10 cm H2O after induction of ALI.
figure 5a: Data are shown as mean ± SE. Intratidal gas distribution before acute lung injury 
(ALI). Open circles = non-dependent lung region; solid circles = dependent lung region
5
72 73
Bedside Lung Monitoring in Order to Optimize Ventilator Settings in ICU PatientsChapter 5
figure 5b: Data are shown as mean ± SE. Intratidal gas distribution after acute lung injury (ALI). 
Open circles = non-dependent lung region; solid circles = dependent lung region.
Discussion
In an experimental model of ALI, ‘best’ PEEP was comparable between regional compliance 
of the dependent lung region by EIT and the global indicators: dynamic compliance, arterial 
oxygenation, alveolar dead space and venous admixture. The ‘best’ PEEP based on transpul-
monary pressure was lower in this experimental setting of ALI. The EIT derived intratidal gas 
distribution was able to identify the onset of overdistention.
In 2000 it was already known that mechanical ventilation with low tidal volume (6 ml/kg) was 
superior to high tidal volume (12 ml/kg) in patients with ALI or ARDS1. High tidal volume venti-
lation in the presence of atelectasis, as seen in patients with ALI/ARDS, leads to overdistention 
of the ‘healthy’ aerated lung regions causing barotrauma and volutrauma, and this provokes 
biotrauma due to lung inflammation with the release of cytokines and mediators. This inflam-
matory response is called ventilator-induced lung injury and leads to a higher mortality rate1-3. 
Studies applying higher PEEP levels showed improved oxygenation and compliance but were 
unable to further reduce the mortality rate2;7. Two meta-analysis studies (including ≥ 3500 pa-
tients with ALI or ARDS) reported that a moderate level of PEEP (around 9 cm H2O) is superior 
in patients with ALI, whereas high PEEP levels (around 15 cm H2O) are superior in patients with 
ARDS9;10. Higher PEEP may increase the risk of hyperinflation and a compromise must be found 
between PEEP-induced alveolar recruitment and prevention of hyperinflation. Also, Gattinoni 
et al. 19 found extremely variable amounts of potential recruitable lung tissue on CT scanning 
and this was strongly associated with the response to PEEP. Therefore, one should not use a 
universal level of PEEP but rather the ‘best’ PEEP level that the individual patient needs at a 
specific time. This implies constant re-evaluation of the individual ventilator settings, and the 
need for an optimal parameter to apply the ‘best’ PEEP. 
Several studies investigated the ‘best’ PEEP setting during standardized PEEP steps in various 
forms of lung conditions in both experimental and human subjects6;7;20;21. Maisch et al. studied 
20 anesthetized patients with healthy lungs during incremental and decremental steps of 5 
cm H2O PEEP and compared EELV, arterial oxygenation, compliance and a modified dead space 
calculation6. The authors concluded that, in these patients without lung disorders, compliance 
and dead space were able to detect lung collapse and overdistention and therefore are suitable 
to guide ‘best’ PEEP settings6. In the present study, the lung condition before ALI is comparable 
to the study of Maisch et al.6 and the results are similar, except for dead space. In the present 
study, dead space increased from 15 to 20 cm H2O, whereas no significant changes occurred 
thereafter (Fig. 2). This may be due to the influence of shunt with increased PaCO2 in the dead 
space calculations. Suarez-Sipmann et al.7 and Carvalho et al.20, who studied, respectively, lung 
lavage induced ALI and OA-induced ALI during decremental PEEP steps, showed that compli-
ance was a good parameter to guide ‘best’ PEEP. Also in the present study, dynamic compliance 
increased significantly during the decremental PEEP trial after the recruitment phase. 
In this study we also evaluated the relation between regional and global parameters and 
whether they provide additional information. Costa et al.22 and Meier et al.23 demonstrated 
that EIT can be used to monitor regional compliance. In our study, we calculated the regional 
compliance for each pixel in the EIT matrix and divided them into ventral and dorsal ROIs. 
As the studied pigs were ventilated in volume-controlled mode with constant tidal volume, a 
change in regional impedance was caused by a change in the driving pressure and a spatial 
change in tidal volume distribution between PEEP steps. Others also described the change in 
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tidal volume distribution with EIT and CT scanning in a ventral to dorsal manner during PEEP 
change10;15;24. In our study, regional compliance decreased as a result of the increased driv-
ing pressure after ALI. The optimal value differed not only before and after the induction of 
lung injury, but also between the dorsal to ventral ROIs. In the dependent lung parts the opti-
mum value increased from 10 to 15 cm H2O PEEP after the induction of lung injury. A study by 
Löwhagen et al.14 showed that the relatively new parameter ‘intratidal gas distribution’ (which 
divides regional tidal impedance into eight iso-volume parts) was able to identify intratidal 
regional recruitment and overdistention. These authors showed that the contribution of the 
dependent lung regions to the inspiration increases at higher PEEP levels. This is also seen in 
the present study for both lung conditions. In the present study we could identify the onset of 
overdistention, but this was only for one slice of the lung. EIT might be a practical new tool for 
optimal PEEP setting, especially as an adjunct to existing parameters.
Esophageal pressures were recorded during inspiration and expiration holds to calculate the 
transpulmonary pressure. Pelosi et al. studied the relation between esophageal pressure and 
the actual pleural pressure at three ventral to dorsal thoracic levels, in six supine dogs with 
OA respiratory failure25; esophageal pressure underestimated the dorsal pleural pressure by 
about 4 cm H2O and overestimated the ventral pleural pressure by about 6 cm H2O. This was 
confirmed in the present study in which the ‘best’ PEEP based on transpulmonary pressure was 
5 cm H2O lower compared to the other parameters. 
An important finding of the present study is that a recruitment maneuver in combination with 
PEEP, both before and after the induction of ALI, significantly improved EELV, PaO2, venous 
admixture and regional and global compliance (Figs. 2 and 3). This means that not only pa-
tients with respiratory failure, but also patients with ‘healthy’ lungs benefit from a recruitment 
maneuver in conjunction with an adequate PEEP level. This is in agreement with the study of 
Maisch et al.6 in which a recruitment maneuver during PEEP titration, combined with a PEEP 
of 10 cm H2O improved EELV, PaO2, compliance and dead space in anesthetized, intubated pa-
tients just before surgery. Although the stable animal model used in the present study showed 
a high potential for lung recruitability (as evidenced by changes in shunt fraction), the extent 
of lung recruitability may differ from that in ARDS patients19. Potential limitations of this study 
are the use of relatively large PEEP steps of 5 cm H2O. Although this enabled measurement in 
both normal and injured lungs, a PEEP trial with smaller steps is more suitable to identify the 
‘best’ PEEP in an individual patient. We did not use a formal recruitment maneuver, but used 
phases of recruitment and regarded the highest used PEEP as the recruitment maneuver; these 
levels resulted in high inspiratory and transpulmonary pressures exceeding most conventional 
recruitment maneuvers. Also, we did not use CT scanning to identify hyperinflation and al-
veolar collapse; however, the application of the highest and lowest PEEP levels in the present 
study has clearly been shown on CT scanning to induce lung overdistention and lung collapse, 
respectively7;20.
Conclusion
In this experimental model of ALI, parameters that describe only lung volume, such as EELV, 
are inappropriate to indicate ‘best’ PEEP level. The EIT derived parameter, intratidal gas distri-
bution, was able to indicate at which PEEP level overdistention of the non-dependent lung 
started; however, this was only for one slice of the lung. Therefore, we believe that the com-
bination of parameters might provide important additional information. Best PEEP should 
prevent lung collapse and also overdistention; therefore, a combination of parameters should 
resemble both of these physiological principles. Finally, this study indicates that the applica-
tion of a recruitment maneuver might be of benefit not only in ALI, but also in a healthy lung. 
 
Methods supplement
Animal preparation
In eight healthy female crossbred Yorkshire/Landrace pigs (28-31 kg) anesthesia was in-
duced with an intramuscular injection of 2.5 mg/kg azaperon (Stresnil 40 mg/ml, Janssen 
Pharmaceutical, Beerse, Belgium), 30 mg/kg ketamine (Ketalin 100 mg/ml, Ceva Sante Ani-
male BV Maassluis, the Netherlands) and 1 mg/kg midazolam (Dormicum 5 mg/ml, Roche 
Nederland BV, Woerden, the Netherlands). After induction, the pigs were placed in su-
pine position on a thermo-controlled operation table to maintain body temperature. In-
travenous access was obtained by cannulation of an ear vein; anesthesia was maintained 
with a combination of intravenous infusion of midazolam (1-2 mg/kg/h) and sufentanil 
(0.01-0.02 mg/kg/h; Sufenta forte 0.05 mg/ml Janssen-Cilag BV, Tilburg, the Netherlands). 
Muscle relaxation was obtained with infusion of pancuronium bromide (0.15-0.35 mg/
kg/h; pavulon 2 mg/ml, NV Organon, Oss, the Netherlands). Through a midline cervical tra-
cheotomy, an endotracheal tube (9.0 Fr) was placed in the trachea. After tracheotomy 
the pigs were connected to the EVITA XL ventilator (Dräger Medical, Lubeck, Germany). 
A catheter was inserted through the right carotid artery for measurement of arterial blood 
pressure and sampling of blood. A pulmonary artery thermodilution catheter (PAC) (7.5 Fr 
Edwards Lifesciences, Irvine CA, USA) was inserted through the right jugular vein in the pul-
monary artery for the continuous measurement of cardiac output, central venous pressure 
(CVP), pulmonary artery pressure (PAP), mixed venous hemoglobin oxygen saturation (SvO2) 
and central body temperature. The position of the PAC was guided by pressure waveforms, 
while passing the heart. All catheters for measuring blood pressure were flushed with normal 
saline containing a low dose of heparin (5 IU/ml; Leo Pharma BV, Breda, the Netherlands) to 
avoid clotting in the catheters. A catheter was also placed in the urinary bladder to avoid urine 
retention. 
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Monitoring equipment
Airway pressure, flow, volume and volume-based capnography were sampled continuously 
during the experiment (NICO, Novametrix, Wallingford, CT, USA) and dead space was calcu-
lated with the Bohr-Enghoff equation. End-expiratory lung volume (EELV) was measured with 
the LUFU system (Dräger Medical, Lübeck, Germany) connected to the EVITA XL ventilator, 
which is described in detail elsewhere (26;27). Esophageal pressures were measured with the 
SmartCath® esophageal catheter connected to the Bicore 2 (Cardinal Health, Palm Springs, CA, 
USA). The esophageal balloon was inserted to a depth of 50 cm from the incisors and filled with 
1 ml of air. Placement was confirmed by the increase of cardiac artefacts as the balloon was 
withdrawn from the stomach. Electrical impedance measurements were performed at each 
step in the protocol during 2 min with a silicone belt with 16 integrated electrocardiographic 
electrodes placed around the thoracic cage at a juxta-diphragmatic level, connected with an 
EIT device (EIT evaluation kit 2, Dräger, Lübeck, Germany). EIT data were generated by applica-
tion of a small alternating electrical current of 5 mA at 50 kHz. 
EIT analysis
EIT data were stored and analyzed offline using special software (EITdiag, Dräger, Lübeck, Ger-
many). The EIT scans consist of images of impedance with a 32 x 32 color-coded matrix relative 
to the lowest impedance during the PEEP trial (rel. ∆Z). The difference between rel. ∆Z at the 
end of inspiration and expiration is defined as tidal impedance variation. This tidal impedance 
variation is visualized in the functional EIT (fEIT) image, which contains tidal impedance varia-
tion per pixel (32 x 32 matrix) averaged over 1 min. For analysis of the regional compliance, the 
EIT images were subdivided into two symmetrical non-overlapping ventral to dorsal oriented 
layers defined as regions of interest (ROI). Regional compliance was calculated following equa-
tion 1.
The intratidal gas distribution (Fig. 5a + 5B) is calculated according to the study of Löwhagen et 
al. (14). The inspiratory part of the global tidal impedance variation (TIV) curve was divided in 
eight equal volume sections. The corresponding time points are translated to the regional TIV 
curves. In this way the contribution from both lung regions to the inspiration can be calculated.
= regional compliance
∑tidal impedance variation (AU)
driving pressure (cm H20)
Equation 1
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ChaPTer 6
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tomography parameters during a decremental positive end-expiratory pressure trial
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abstract
Introduction
This study compares different parameters derived from electrical impedance tomography (EIT) 
data to define ‘best’ PEEP during a decremental PEEP trial in mechanically-ventilated patients. 
‘Best’ PEEP is regarded as minimal lung collapse and overdistention in order to prevent venti-
lator-induced lung injury.
Methods
A decremental PEEP trial (from 15 to 0 cm H2O PEEP in 4 steps) was performed in 12 post-
cardiac surgery patients on the ICU. At each PEEP step, EIT measurements were performed and 
from this data the following were calculated: Tidal Impedance Variation (TIV), regional com-
pliance, ventilation surface area (VSA), center of ventilation (COV), regional ventilation delay 
(RVD index), global inhomogeneity (GI index), and intratidal gas distribution. From the latter 
parameter we developed the ITV index as a new homogeneity parameter. The EIT parameters 
were compared with dynamic compliance and the PaO2/FiO2 ratio.
results
Dynamic compliance and the PaO2/FiO2 ratio had the highest value at 10 and 15 cm H2O PEEP, 
respectively. TIV, regional compliance and VSA had a maximum value at 5 cm H2O PEEP for the 
non-dependent lung region and a maximal value at 15 cm H2O PEEP for the dependent lung 
region. GI index showed the lowest value at 10 cm H2O PEEP, whereas for COV and the RVD 
index this was at 15 cm H2O PEEP. The intratidal gas distribution showed an equal contribution 
of both lung regions at a specific PEEP level in each patient. 
Conclusion
 In post-cardiac surgery patients, the ITV index was comparable with dynamic compliance 
to indicate ‘best’ PEEP. The ITV index can visualize the PEEP level at which ventilation of the 
non-dependent region is diminished, indicating overdistention. Additional studies should test 
whether application of this specific PEEP level leads to better outcome and also confirm these 
results in patients with acute respiratory distress syndrome. 
Introduction
Mechanical ventilation acts as a stress raiser to lung tissue adjacent to collapsed tissue in the 
dependent lung and the risk of alveolar hyperinflation in the non-dependent lung1. An alveo-
lar recruitment maneuver and the use of positive end-expiratory pressure (PEEP) are applied 
to open up and to keep open the atelectatic lung tissue in an attempt to minimize this stress 
and overdistention. 
The original definition of ‘best’ PEEP as proposed by Suter et al. 2 is the PEEP level with the 
best compromise between lung aeration and circulatory depression; circulatory depression is 
caused by compression of capillaries due to hyperinflation. Tusman et al. 3 performed an incre-
mental and decremental PEEP trial in eight volume-controlled ventilated surfactant-depleted 
pigs; they showed that calculation of dead space detected early signs of lung collapse, which 
correlated well with findings on computed tomography (CT). In a second study, these authors 
reported that continuous compliance monitoring could identify the onset of alveolar collapse 
as confirmed by CT, as well as changes in partial arterial oxygen pressure (PaO2) values
4. An-
other experimental study, using an oleic acid-induced acute lung injury (ALI) model, showed 
that minimizing elastance of the respiratory system could be used to titrate PEEP settings5. 
Maisch et al. performed an incremental and decremental PEEP trial in 20 anesthetized patients 
undergoing elective surgery and confirmed that dynamic compliance and dead space calcula-
tions were able to detect alveolar collapse and/or overdistention, whereas functional residual 
capacity (FRC) and PaO2 changes were less sensitive
6. From these studies it has been concluded 
that dynamic compliance and dead space calculations are the most reliable global parameters 
to define the best PEEP at the bedside. 
CT is regarded as the gold standard to assess the effect of a recruitment maneuver and the 
applied PEEP on aeration of the lung7;8. However, the obvious drawbacks of repeated CT scans 
(that is transfer of the mechanically-ventilated patient and excessive radiation exposure) re-
duce the application of CT as a tool for assessment of PEEP settings. On the other hand, electri-
cal impedance tomography (EIT) is a real-time bedside monitoring tool, which has proven to 
correlate well with CT for assessment of changes in gas volume and tidal volume9-11.
Several EIT parameters have been developed to collect more data on ventilation distribution 
in order to optimize ventilator settings12-15. The present study examines whether one specific 
EIT parameter is able to describe the optimal PEEP level at the bedside; for this, we defined the 
best PEEP as the PEEP level with minimal lung collapse and minimal overdistention.
Materials and Methods
Study population
Included in this study were 12 mechanically-ventilated post-cardiac surgery patients admitted 
to the cardiothoracic intensive care unit. Data for the present study were used in an earlier 
study that analyzed the effect of a decremental PEEP trial on ventilation distribution with EIT 
measured at two different thoracic levels 16. Informed consent was obtained from the patient 
or a legal representative. Using data from this latter study, we re-analyzed data of the EIT meas-
urements made just above the diaphragm only, as this part of the lung is at most risk for for-
mation of atelectasis in mechanically-ventilated patients in the supine position. The Medical 
Ethical Committee Rotterdam approved the entire study protocol.
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Study protocol and measurements
A 16-electrode silicon belt (EIT evaluation kit 2, Dräger, Lübeck, Germany) was placed around 
the patient’s thoracic cage between the 6th and 7th intercostal spaces 16. Patients were ventilated 
with pressure-controlled ventilation (PCV) (Engström Carestation, GE Healthcare, Madison, WI, 
USA) and, throughout the entire study period, the inspiratory pressure above PEEP, the inspira-
tion/expiration (I/E) ratio, frequency and inspired oxygen fraction (FiO2) remained unchanged. 
In this study we performed a recruitment maneuver in which mechanical ventilation was con-
tinued with a pressure amplitude of 20 cm H2O while PEEP was rapidly increased from 5 to 
20 cm H2O in incremental steps of 5 cm H2O: thus, a peak pressure of 40 cm H2O for a 40-s 
period, as long as blood pressure remained stable. Thereafter, PEEP was decreased to 15 cm 
H2O and the pressure amplitude was decreased from 20 to 10 cm H2O. A PEEP level of 15 cm 
H2O was applied for 15 minutes to achieve a steady state. Thereafter, a decremental PEEP trial 
was performed from 15 to 0 cm H2O PEEP in steps of 5 cm H2O. Each PEEP level was applied for 
10 to 20 minutes (depending on hemodynamic stability and blood gas analyses). At the end of 
each PEEP step, EIT, PaO2/FiO2 ratio and dynamic compliance (tidal volume divided by pressure 
above PEEP) were calculated.
EIT data analysis 
EIT data were recorded with a sample rate of 20 Hz and were analyzed using dedicated soft-
ware (EITdiag, Dräger Medical, Lübeck, Germany). For each PEEP step a stable phase with 10 
to 20 consecutive breaths was selected. The EIT signals of these breaths are filtered using a 
low-pass filter set on 40 beats per minute to minimize signals induced by the cardiovascular 
system. From the filtered signals a ventilation distribution map was created for each PEEP step 
(Fig. 1). The surface of the distribution maps was standardized using, the largest EIT image ac-
quired during the PEEP trial for each patient. The EIT signals in the distribution maps are used 
to calculate the tidal impedance variation (TIV), ventilation surface area (VSA), center of gravity 
(COG), and the global inhomogeneity (GI index). In order to reliably calculate the intratidal gas 
distribution, all filtered signals were resampled at 40 Hz to divide the inspiratory part of the 
TIV curve more accurately into 8-iso volume steps. To calculate the different parameters, the 
defined surface area was divided into two equal regions of interest, that is, the dependent and 
non-dependent regions (Fig. 1). 
Calculated EIT parameters 
EIT measures changes in electrical impedance between electrode pairs. After adequate filter-
ing of EIT signals, the measured impedance changes represent the inspiration and expiration 
by means of TIV (formula 1), which correlates well with tidal volume9;11;17;18. 
= TIV Impedancemax   -  Impedancemax [1]
 
(TIV = Tidal Impedance Variation)
 
The second EIT parameter to be calculated is regional compliance12. Calculation of regional 
compliance is similar to that of dynamic compliance; however, for dynamic compliance tidal 
volume is divided by pressure amplitude whereas for regional compliance TIV is divided by 
pressure amplitude. As we did not connect the EIT device to the ventilator, we were unable 
to calculate regional compliance using EITdiag software. Therefore, we divided the TIV into 
dependent and non-dependent lung regions by the EITdiag-generated ventilation distribu-
tion map, based on the pressure above PEEP (formula 2). A decrease in regional compliance 
with increases in PEEP indicates that the lung is hyperinflated, whereas a decrease in regional 
compliance with decreases in PEEP indicates alveolar collapse.
 
= Complianceregion [2]
TIVregion
Pressure above PEEP
 
(TIV = Tidal Impedance Variation)
figure 1: example of eIT image reconstruction. Distribution of impedance to the depend-
ent and non-dependent lung regions of one representative patient. The lighter the color, the 
higher the impedance and the more aerated the lung region. The surface area used in all calcu-
lations at every PEEP step is equal to the largest surface area (in this case at PEEP 15 cm H2O). 
The EIT image is divided into two equal regions of interest represented by the white line; all EIT 
modalities are calculated using this setup. Decreasing the PEEP value resulted in a decrease in 
aeration of the lungs, especially in the dependent region.
Using EITdiag software, we calculated the VSA. For this, the number of pixels with an EIT sig-
nal in the generated ventilation distribution map was counted for both lung regions. During 
the recruitment maneuver, the number of ventilated pixels per region is divided by the total 
number of ventilated pixels in the ventilation distribution map, assuming that all recruitable 
lung tissue was open at the end of recruitment. In this way, regional ventilation distribution is 
expressed as a percentage of the maximum ventilated pixels at the end of recruitment. After 
increasing PEEP levels, higher VSA values indicate alveolar recruitment whereas after decreas-
ing PEEP levels higher VSA values indicate that the lungs were hyperinflated during the previ-
ous PEEP level.
In the present study, calculation of the regional ventilation delay (RVD) index describes the 
percentage of time needed to reach a threshold of 40% of the regional impedance changes, 
as compared with the total inspiratory time (formula 3)15;19. This calculation was not performed 
using the EITdiag software. Large differences in RVD between both lung regions indicate that 
the lungs are inhomogeneously ventilated.
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 = x 100%   [3]RVDi
∆ti 
40%
tmax   -  tmax  
(RVD= Regional Ventilation Delay index; i=region; Δ= delta)
The intratidal gas distribution was analyzed according to Löwhagen et al.14 (formula 4), which 
is integrated in the EITdiag software. To calculate the intratidal gas distribution the inspira-
tory part of the global TIV curve is divided into eight iso-volume parts. Thereafter, the eight 
corresponding time points are translated to the regional TIV curves. Using this technique, we 
calculated the percentile contribution of the dependent and non-dependent regions to the 
inspiration. Thereafter, we developed the intratidal gas distribution index (ITV index) to evalu-
ate whether the lung is homogeneously ventilated. The ITV index is calculated by dividing the 
ITV of the non-dependent lung region by the ITV of the dependent region (formula 5). An ITV 
index of 1 indicates an equal distribution of ventilation to the dependent and non-dependent 
lung regions.
= Fractional regional ITV1-8 [4]
ITV1-8TIVROI
ITV1-8TIVGlobal
= ITV-index [5]
∑ t1,8 ITV non-dependent
∑ t1,8 ITV dependent
 
(ITV =Intratidal Gas Distribution; TIV = Tidal Impedance Variation; 
ROI = Region of Interest; t = iso-volume part)
The COV reflects the distribution of tidal ventilation in the ventral-to-dorsal direction13 (for-
mula 6). Therefore, the TIV of the dependent region is divided by the total TIV of the EIT image. 
When most of the tidal ventilation distributes to the dependent lung region this will result in 
a small COV value. We constructed a plot of the centers of ventilation to visualize the shifts in 
regional lung ventilation in the anterior-to-posterior direction during the PEEP trial. 
 = COV [6]
TIVdorsal
TIVtotal  
(COV = Center of Ventilation; TIV = Tidal Impedance Variation)
The GI index, developed by Zhao et al. 20;21, quantifies ventilation distribution in the 
lungs. Therefore, the tidal impedance difference per pixel is subtracted by the median tidal im-
pedance difference of the lung. Thereafter, the result of this subtraction is divided by the total 
impedance changes of all pixels in order to normalize the calculated values (formula 7). Thus, 
the GI index calculates the variance in impedance per pixel as compared with the total EIT im-
age. The smaller the GI index, the more homogeneous the lung ventilation. This calculation is 
integrated in the EITdiag software.
 
= GI [7]
∑x,y ∈ lung| Impedance dierencexy-Median (Impedance dierence lung )|  
∑x,y ∈ lung Impedance dierencexy
GI index formula: (x and y describe the location of the pixel on the x and y axes; ∈ = element of 
ventilated part of the EIT image)
Statistical analysis
Statistical analyses were performed using SPSS version 21 (IBM, Chicago, IL, USA). Unless speci-
fied otherwise, values are presented as means ± SD. Data were tested for normal distribution 
and homoscedasticity using the Kolmogorov-Smirnov test and the Brown-Forsythe test. If 
the data had a normal distribution we applied analysis of variance (ANOVA) otherwise the in-
dependent samples Kruskal-Wallis test was used. Differences in PaO2/FiO2 ratio and dynamic 
compliance between the PEEP steps were analyzed using mixed linear model analyses. Cor-
relation between the PaO2/FiO2 ratio and ITV index was calculated using the two-tailed Spear-
man rho test. All p-values <0.05 are considered to be statistically significant.
results
Details of patient characteristics are presented in Table 1. During the entire PEEP trial, patients 
were ventilated with an inspiratory pressure above PEEP of 10 ± 2 cm H2O. A PaO2/FiO2 ratio 
≥350 mmHg was defined as an open lung; in two patients we were unable to open up the lung 
despite the recruitment maneuver and use of a PEEP level of 15 cm H2O. 
Figure 1 shows the distribution of TIV for one representative patient during the decremental 
PEEP trial. The effects of decremental PEEP on TIV, regional compliance, VSA, COV, RVD and GI 
index are presented in Figure 2A-F.
Baseline characteristics of the study population.
No. of patients 12
Age (years) 70 ± 9
Male : Female (n) 9 : 3
Weight (kg) 79 ± 12
PBW (kg) 67 ± 9
Height (m) 1.72 ± 0.08
Body mass index 27 ± 4
Respiratory rate (breaths per minute) 15 ± 1
PIP (cm H2O) 25 ± 2
VTe (mL) 591 ± 120
VT/PBW (mL/kg) 8.8 ± 1.7
Table 1: Predicted body weight (PBW); Peak Inspiratory Pressure (PIP); Expiratory tidal volume 
(VTe). Data are presented as means ± SD.
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Figure 3 shows the effects of the decremental PEEP trial on the PaO2/FiO2 ratio and dynamic 
compliance for the entire study population. The PaO2/FiO2 ratio had the highest value at 15 
cm H2O PEEP but showed a significant decrease after lowering PEEP from 10 to 5 to 0 cm H2O 
compared with 15 cm H2O PEEP (Figure 3A). Dynamic compliance had the highest value at 10 
cm H2O PEEP but showed a significant decrease at a PEEP level of 0 compared with 15 cm H2O 
(Figure 3B).
In the non-dependent lung regions, TIV (Figure 2A), regional compliance (Figure 2B) and VSA 
(Figure 2C) reached the maximum value at 5 cm H2O PEEP. In contrast, in the dependent region 
TIV, VSA and regional compliance reached a maximum at the highest PEEP level applied and 
then decreased during the entire PEEP trial. During the decremental PEEP trial, COV increased 
steadily towards the anterior part of the thorax cavity, indicating loss of TIV in the dependent 
region (Figure 2D). During the decremental PEEP trial the RVD index increased in both lung 
regions and the RVD values of the non-dependent region remained significantly lower than 
those in the dependent region, except at zero end-expiratory pressure (Figure 2E). The GI index 
had the lowest values at 15 and 10 cm H2O PEEP and then increased steadily at lower PEEP 
levels (Figure 2F), indicating more homogeneous ventilation at higher PEEP levels.
figure 2: Different electrical impedance tomography (EIT) modalities calculated for the decre-
mental positive end-expiratory pressure (PEEP) trial. Effects of different PEEP levels on regional 
changes in (A) tidal impedance variation (TIV); (B) regional compliance; (C) ventilation surface 
area (VSA); (D) center of ventilation (COV); (E) regional ventilation delay (RVD) index; and (F) 
global inhomogeneity (GI) index. Data are presented as means ± 95% CI. Dashed lines repre-
sent the interpolation lines; open circles = non-dependent regions; solid circles = dependent 
regions; solid squares = entire EIT image.
figure 3: Changes in partial arterial oxygen pressure (PaO2)/inspired oxygen fraction (FiO2) ra-
tio and dynamic compliance during a decremental positive end-expiratory pressure (PEEP) tri-
al. (A) The PaO2/FiO2 ratio (mmHg) and (B) dynamic compliance (mL/cm H2O) are shown for the 
entire group. The PaO2/FiO2 ratio decreased with every PEEP step. The PaO2/FiO2 ratio showed a 
significant decrease at 5 and 0 cm H2O PEEP compared with 15 cm H2O PEEP. Dynamic compli-
ance increased after reducing PEEP from 15 to 10 cm H2O. Thereafter, dynamic compliance de-
creased with each PEEP step. At 0 cm H2O PEEP dynamic compliance was significantly reduced 
compared with 15 cm H2O PEEP. Solid squares = PaO2/FiO2 ratio; solid diamonds = dynamic 
compliance. *P <0.05.
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Figure 4 presents the results of intratidal gas distribution. At the highest levels of PEEP, the 
intratidal gas distribution to the dependent region was higher than that to the non-depend-
ent region. Decreasing the PEEP level resulted in a higher overall gas distribution to the non-
dependent region compared with the dependent region. At a PEEP level of 10 cm H2O, the 
intratidal gas distribution curves of both regions crossed each other during a breath (Figure 
4). Figure 5 shows the calculated ITV index as percentage of 1 for each PEEP level in each indi-
vidual patient. There was a correlation between the PaO2/FiO2 ratio and the ITV index (−0.762; 
P <0.001).
figure 4: Intratidal gas distribution at varying positive end-expiratory pressure (PEEP) levels. 
Mean intratidal gas distribution in eight iso-volume steps during four PEEP levels during the 
decremental PEEP trial. Decreasing the PEEP level resulted in a higher overall gas distribution 
to the non-dependent region and, subsequently, a lower gas distribution to the dependent 
region. During the course of inspiration, gas distribution to the non-dependent region de-
creased whereas it increased to the dependent region. At a PEEP level of 10 cm H2O, during 
inspiration the lines representing gas distribution to both regions crossed each other. Dashed 
lines represent the interpolation lines; open circles = non-dependent region; solid circles = 
dependent region.
Discussion
This study demonstrates that intratidal gas distribution visualizes the best PEEP as compared 
with dynamic compliance in post-cardiac surgery patients. In addition, the ITV index is able 
to determine a specific PEEP level in each individual patient, resulting in an even distribution 
of tidal volume to the non-dependent and dependent lung regions. Below this specific PEEP 
level, the intratidal gas distribution is predominantly distributed to the non-dependent region. 
This indicates that, at these PEEP levels, there is less ventilation in the dependent region due to 
lung collapse. In contrast, at PEEP levels above this specific level, there is less ventilation in the 
non-dependent region indicating overdistention.
In an experimental study, Protti et al. 22 showed that ventilation with high tidal volumes, re-
sulting in an expiratory volume of 1.5 times FRC (equal to a strain of 1.5), caused severe lung 
edema; all their study animals died within the observation period of 54 h. In a second study, 
the authors ventilated all animals with a strain of 2.5 and showed that high tidal volumes with 
a low level of PEEP damaged the lungs and increased mortality, whereas high PEEP levels to-
gether with low tidal volume but with the same strain of 2.5, did not result in edema and all 
animals in this group survived23; it was suggested that application of high PEEP levels might 
lead to more homogeneous lung ventilation. In 1970, Mead et al. estimated that forces act-
ing on lung tissue increase with a factor 4.5 when lungs are inhomogeneously ventilated24. 
This was recently confirmed by Rausch et al. 25 who performed x-ray tomographic microscopy 
(generating detailed three-dimensional alveolar geometry) in rat lungs and found local strain 
values of four times the global strain. Therefore, a parameter that describes the ventilation 
distribution could be of importance in finding the best PEEP in patients with acute respiratory 
distress syndrome (ARDS). 
Intratidal gas distribution was first described by Löwhagen et al. who used this technique in 
16 volume-controlled ALI/ARDS patients to describe ventilation distribution to different lung 
regions within an inspiration14; they found that the intratidal gas distribution of the dorsal and 
mid-dorsal regions increased at higher PEEP levels, indicating redistribution of ventilation to 
the dependent region14. We modified their analysis by combining the ventral and mid-ventral 
regions into a non-dependent region and their mid-dorsal and dorsal regions into a dependent 
region26. Previously, we used the intratidal gas distribution technique to assess the effect of dif-
ferent assist levels during pressure support ventilation (PSV) and neurally adjusted ventilatory 
assist (NAVA) on ventilation distribution. We demonstrated that NAVA improved ventilation of 
the dependent lung region compared with PSV, leading to a more homogeneous ventilation 
of the lung26. In that study using the intratidal gas distribution technique, we demonstrated 
for the first time, less over-assistance during NAVA whereas there was marked over-assistance 
at higher pressure support levels26. This latter finding indicates that PSV with higher support 
levels mimics control ventilation with predominantly ventilation of the non-dependent lung. 
We also used the intratidal gas distribution in an experimental study comparing global and 
regional parameters to detect best PEEP in healthy and in ARDS lungs27. In these animals we 
found the same trend as in the present study, that is, that the intratidal gas distribution curves 
of the dependent and non-dependent regions reached each other at a specific PEEP level. 
Below this specific PEEP level ventilation is mainly distributed to the non-dependent lung and 
above this level ventilation is mainly distributed to the dependent lung region. Above this spe-
cific PEEP level ventilation distribution to the non-dependent lung region diminished at higher 
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PEEP levels, indicating that this region is overdistended. 
In the present study we used a decremental PEEP trial and, as long as the PEEP level is ad-
equate to keep the dependent lung region open, the used pressure amplitude of around 10 
cm H2O was sufficient to ventilate this region; however, after collapse the inspiratory pressures 
are too low to open up this dependent region. This indicates that ventilation distribution to the 
dependent lung will be improved if higher inspiratory pressures are used. 
To make the intratidal gas distribution an easy-to-use parameter at the bedside, we introduced 
the ITV index. An ITV index of 1 indicates homogeneous distribution of tidal volume to the 
non-dependent and dependent lung regions. The intratidal gas distribution shows the behav-
ior of the distribution of tidal volume during one breath. Figure 5 illustrates the ITV index, in 
which 100% indicates an ITV index of 1, that is, an equal distribution of ventilation to the de-
pendent and non-dependent lung regions.
figure 5: Intratidal gas distribution (ITV) index at varying positive end-expiratory pressure 
(PEEP) levels for the individual patients. Mean ITV index is shown as a percentage of 1. Here, the 
value 100% indicates that both lung regions are equally ventilated. Values >100% indicate that 
ventilation is predominantly distributed to the non-dependent region whereas values <100% 
indicate that the dependent lung region is predominantly at that PEEP level. 
To test whether the intratidal gas distribution reliably defines the optimal PEEP, we compared 
the optimal PEEP values defined by the intratidal gas distribution, PaO2/FiO2 ratio and dynamic 
compliance. We found a negative correlation between the PaO2/FiO2 ratio and the ITV index. A 
lower ITV index means that more tidal ventilation is distributed to the better perfused depend-
ent lung region, leading to less shunt and improved PaO2/FiO2 ratio. In contrast, we found no 
correlation between ITV and dynamic compliance. Alveoli that open up during inspiration but 
collapse during expiration give higher compliance values, whereas this cyclic collapse is harm-
ful to the lung. In addition, recruitment of a lung region, but collapse in another lung region at 
the same time, will not increase dynamic compliance of the entire lung. This latter effect can be 
visualized by regional or pixel compliance from EIT. Costa et al. introduced the regional or pixel 
compliance based on EIT measurements during a decremental PEEP trial in two patients with 
pneumonia12. These patients were ventilated with PCV using constant pressure amplitude and 
the change in impedance represents the change in volume; thus, for each pixel the compliance 
could be calculated. The highest compliance at a specific PEEP level was indicated as the best 
PEEP. Above this PEEP value, compliance decreased due to overdistention and below this value 
compliance decreased due to collapse. The authors showed that the optimal PEEP level was 
different for the dependent and non-dependent region12. Also, in their experimental study, 
Dargaville et al. demonstrated that ventral, medial and dorsal lung regions have different opti-
mal PEEP levels based on regional compliance values in both normal and surfactant-depleted 
lungs 28. This was confirmed by our results, in which the best PEEP level for the non-dependent 
and dependent regions were 5 and 15 cm H2O, respectively (Fig. 2B). 
In accordance with our previous studies16;29, we found more ventilation of the dependent re-
gion at higher PEEP levels, as described by the parameter COV (Fig. 2D). COV describes the 
ventilation distribution in the ventral-to-dorsal direction and a value of 50% reflects an even 
distribution13. Thus, COV provides information about the optimal distribution of tidal volume 
to the non-dependent and dependent regions at a certain PEEP level, but it does not give 
information about collapse or overdistention during a breath, as is seen with the intratidal gas 
distribution. 
The RVD was developed to assess the homogeneity of aeration of the lung regions15;19 during a 
slow inflation maneuver. It has been demonstrated in pigs that ALI lungs are more inhomoge-
neous compared with healthy lungs21; however, application of higher PEEP levels improved the 
homogeneity of lung ventilation. In addition, the authors showed that the dependent region 
was slower inflated as compared with the non-dependent region, indicating inhomogeneous 
ventilation of the dorsal lung parts; however, they used the SDs of the RVD index to create a 
ventilation homogeneity map21. In the present study we calculated the time needed to reach a 
threshold of 40% of the regional impedance change compared with the total inspiratory time 
and without the use of a slow flow inflation. We found that RVD values in both lung regions 
increased at each decremental PEEP step. Therefore, we were unable to detect the best PEEP 
level by means of RVD, with the used PEEP levels. However, Wrigge et al. described that RVD 
could only be used during a slow flow inflation maneuver with a tidal volume of 12 mL/kg to 
describe tidal recruitment 12-15. Therefore, in the present study the results of the RVD are incor-
rect. Another index to describe homogeneous ventilation is the GI index, which quantifies the 
variation in tidal ventilation distribution20;21 and shows the lowest value in healthy patients and 
the highest value in patients with ARDS21. However, because this index describes homogeneity 
based on differences in measured impedance, the index value does not take into account the 
presence of atelectasis or overdistention and, therefore, we believe that this is not an appropri-
ate index. As, within our range of PEEP levels we were unable to detect an optimal PEEP level 
based on the GI index and RVD index, it is possible that an optimum may have been found if 
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higher PEEP levels had been applied than used in the present study.
This study has some limitations. First, EIT measures ventilation distribution in a lung slice of 
approximately 5 to 10 cm30;31; therefore, information gathered by EIT has a limited external va-
lidity for the remaining lung tissue. However, placing the EIT belt at a higher position is known 
to reduce the probability to detect inhomogeneity of the lungs at decreasing PEEP levels16 and, 
thus, the probability to detect lung areas susceptible to the development of VILI. Therefore, 
we placed the EIT belt just above the diaphragm to increase the probability of detecting lung 
collapse.
Second, based on the protocol of our study described previously, EIT measurements were not 
recorded continuously16. However, by treating the EIT data as percentages (instead of absolute 
values) the baseline shifts are corrected. In addition, the EIT belt was not disconnected from 
the patient to measure the same lung slice during each measurement. Third, this study was 
performed with post-cardiac surgery patients who respond well to a recruitment maneuver. 
However, Reis Miranda et al. 32 demonstrated that a PEEP level of 15 cm H2O was necessary 
to keep the lung open (PaO2/FiO2 >350 mmHg) in cardiac-surgery patients; the authors also 
showed that if patients are ventilated according to the open lung concept, fewer cytokines 
are released, FRC recovers faster, less oxygen is required in the normal ward, and that afterload 
of the right ventricle is lower in these patients 32-35. Despite the fact that adequate PEEP set-
tings are also important in cardiac-surgery patients, most patients in need of a recruitment 
maneuver in combination with the best PEEP are ARDS patients. However, ARDS patients show 
fewer response to a recruitment maneuver compared with cardiac-surgery patients, due to 
less gravitational dependent infiltrates. Particularly in ARDS patients it is important to achieve 
homogeneous ventilation to reduce the stress acting on lung tissue. Our earlier experimental 
study showed the same trend of tidal ventilation distribution during a decremental PEEP trial 
in both ARDS-induced and healthy lungs27. However, additional studies are required to test 
whether application of this specific PEEP level leads to better outcome and also to confirm the 
present findings in patients with ARDS. 
Conclusion
The ITV index was comparable with dynamic compliance to indicate the best PEEP level in 
post-cardiac surgery patients. The intratidal gas distribution is able to identify the onset of 
overdistention in the non-dependent part and recruitment in the dependent part. We believe 
that the ITV index may be the ideal bedside tool to detect the best PEEP; however, its preven-
tive effect on ventilator-induced lung injury (VILI) and thereby on outcome still needs to be 
examined in patients with ALI/ARDS.
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Detection of optimal PeeP for equal distribution of tidal volume by volumetric  
capnography and electrical Impedance Tomography during decreasing levels of  
PeeP in post cardiac-surgery patients 
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abstract
Background 
Homogeneous ventilation is important for prevention of ventilator-induced lung injury. Elec-
trical impedance tomography (EIT) has been used to identify optimal positive end-expiratory 
pressure (PEEP) by detection of homogenous ventilation in non-dependent and dependent 
lung regions. We aim to compare the capability of volumetric capnography (Vcap) with EIT 
with respect to detect homogenous ventilation between the two lung regions.
Methods
Fifteen mechanically-ventilated post-cardiac surgery patients were studied. Ventilator settings 
were adjusted to volume-controlled mode with a fixed tidal volume (Vt) of 6-8 ml/kg predicted 
body weight. Different PEEP levels were applied (14 to 0 cm H2O, in steps of 2 cm H2O) and 
blood gases, Vcap and EIT were measured. 
results
Tidal impedance variation of the non-dependent region was highest at 6 cm H2O PEEP, and 
decreased significantly at 14 cm H2O PEEP indicating decrease in the fraction of Vt in this re-
gion. At 12 cm H2O PEEP, homogenous ventilation was seen between both lung regions. Bohr 
and Enghoff dead space calculations decreased from a PEEP of 10 cm H2O. Alveolar dead space 
divided by alveolar Vt decreased at PEEP levels ≤6 cm H2O. The normalized slope of phase III 
significantly changed at PEEP levels ≤ 4 cm H2O. Airway dead space was higher at higher PEEP 
levels and decreased at the lower PEEP levels. 
Conclusions
In postoperative cardiac patients, dead space calculations according to Bohr and Enghoff 
agreed well with EIT to detect the optimal PEEP for an equal distribution of inspired volume 
among the non-dependent and the dependent lung regions. Airway dead space reduces at 
decreasing PEEP levels.
Introduction
Ventilator-induced lung injury (VILI) is a well-recognized complication of mechanical venti-
lation, which occurs in both patients with acute respiratory distress syndrome (ARDS)1 and 
healthy lungs2;3. The deleterious effects of mechanical ventilation are considered to be caused 
due to large amounts of stress and strain acting on lung tissue due to inhomogeneous ventila-
tion of the lungs4-6. Although, protective lung strategies using low tidal volumes have been 
strongly recommended to prevent the development of VILI, the amount of Positive End-Expir-
atory Pressure (PEEP) that should be applied is still under debate7;8. The positive effect of PEEP 
depends on the recruitability of lung tissue, which varies between patients9;10, but also from 
day to day. Therefore, setting the PEEP level without a reliable tool to estimate the distribution 
of inspiratory tidal volume (Vt) at the bedside is a challenging activity.
Volumetric capnography (Vcap) is a non-invasive technique that describes the CO2 exhalation 
during one breath, and can be used to calculate alveolar and airway dead space11. Because 
elimination of CO2 depends on alveolar ventilation and pulmonary perfusion, V/Q mismatches 
in either hyperinflated or collapsed lung areas will affect the amount of exhaled CO2 and there-
by Vcap. Recently, a multi-center observational study showed that an increased dead space 
fraction in patients with ARDS was associated with an increased mortality12. Several studies 
showed the capability of Vcap in detecting optimal PEEP level during mechanical ventilation in 
various lung pathological conditions13-15. Böhm et al.14 showed in 11 morbidly obese patients 
undergoing bariatric surgery, Slope III (SIII) has a high sensitivity and specificity to detect lung 
recruitment. They concluded that SIII was useful for identifying appropriate levels of PEEP in 
those patients. In 20 obese patients undergoing laparoscopic bariatric surgery Tusman et al.13 
found that both Vcap and pulse-oximetry, as compared to respiratory compliance, are accurate 
parameters for detection of alveolar collapse. Fengmei et al.15 found that best PEEP based on 
dead space fraction corresponded well with best PEEP according to highest respiratory com-
pliance, in 23 ARDS patients. Therefore, Vcap is promising technique to detect alveolar collapse 
and recruitment at the bedside.
Electrical Impedance Tomography (EIT) is a non-invasive, radiation-free, real time imaging 
modality, which has proven to correlate well with Computed Tomography (CT) according to 
assessment of changes in gas volume and tidal volume16-18. Recently, we showed that the in-
tratidal gas distribution calculated from EIT measurements is able to define a patient specific 
PEEP level at which the lungs are homogeneously ventilated among dependent and non-de-
pendent lung regions. This parameter was evaluated in both experimental studies and in pa-
tients19-21, but also during pressure support ventilation (PSV), Neurally Assisted Ventilatory As-
sist (NAVA) and pressure control ventilation (PCV)22;23. In addition, EIT has been used to visualize 
hyperinflation in the non-dependent region at a certain PEEP level when pixel-compliance is 
decreased24;25
Suter et al.26 defined optimal PEEP as the balance of adequate PaO2 levels, good compliance 
and elimination of CO2. However, we believe that stress and strain are important contributors 
to lung injury as both factors increases with inhomogeneous ventilation5;6. Therefore, the main 
goal of this study was to compare the results of Vcap measurements with that of EIT in finding 
the optimal PEEP with an equal distribution of the inspiratory volume among the dependent 
and the non-dependent regions.
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Materials and Methods
Study population
In the present prospective pilot-study, 15 mechanically ventilated post-cardiac surgery pa-
tients, who underwent coronary-artery bypass grafting and/or cardiac-valve surgery, admitted 
to the cardiothoracic intensive care unit (ICU) were included. The local medical ethical com-
mittee approved the study protocol and written informed consent was obtained from each 
patient or their relatives. Data was collected between January and July in 2014. 
The inclusion criteria were age >18 years, written informed consent, hemodynamically stable. 
Exclusion criteria were a pacemaker, pneumothorax, thoracic deformations and severe airflow 
defined as forced expiratory volume in 1 second below 70% of forced vital capacity.
Data on patient demographics and characteristics 
Patient characteristics
No. of patients 15
Age (year) 70 ± 8
Male/Female 13/2
Height (cm) 176 ± 13
Weight (kg) 86 ± 18
Predicted body weight (kg) 70 ± 13
Body mass index 28 ± 4
CPB time (min) 112 ± 35
Type of surgery CABG Valve replacement CABG + Valve replacement
10 3 2
Hemodynamic data at admission on ICU
Mean arterial pressure (mmHg) 70 ± 9
Heart rate (BPM) 77 ± 15
Ventilator settings and respiratory parameters at admission on ICU
Positive end-expiratory pressure (cm H2O) 8 ± 1
Peak inspiratory pressure (cm H2O) 22 ± 2
Expiratory tidal volume (ml) 494 ± 74
Expiratory tidal volume / 7.1 ± 0.6
Predicted body weight (ml/kg PBW)
Respiratory rate (breaths/min) 17 ± 2
PaO2/FiO2 (mmHg) 350 ± 101
PaCO2 (mmHg) 42.2 ± 4.5
Table 1: Data are presented as mean ± SD unless otherwise specified. Predicted body weight 
(PBW), Cardiopulmonary bypass (CPB), Coronary artery by-pass graft (CABG), Arterial partial 
pressure of O2 (PaO2), Fraction of inspired oxygen (FiO2), Arterial partial pressure of CO2 (PaCO2)
Study protocol
For Vcap measurements a mainstream CO2 sensor was placed between the endotracheal tube 
and ventilator tubing’s, and was connected to a NICO-capnograph (Novametrix, Wallinford, 
Connecticut, USA). Specific software (Analysis plus, Novametrix, Wallinford, Connecticut, USA) 
was used to record all Vcap data. In order to perform electrical impedance tomography (EIT) 
measurements, a silicon belt with 16 electrodes was placed around the thoracic cage between 
the 5th and 6th intercostal space (Pulmovista 500, Dräger, Lübeck, Germany). Ventilator settings 
were set to volume-controlled mode (Evita-infinity, Dräger, Lübeck, Germany) with a fixed tidal 
volume of 6-8 ml/kg predicted body weight and inspiration/expiration (I/E) ratio of 1:2. We 
deliberately choose volume control in order to avoid a change in the minute volume due dif-
ferences in lung compliance at different levels of PEEP. The initial setting of the respiratory rate 
and fraction of inspired oxygen was adjusted to maintain an end-tidal carbon dioxide tension 
and oxygen saturation within a range of 35-45 mmHg and 97-100%, respectively. PEEP was set 
according to the attending physician. Vt, respiratory rate (RR), I/E ratio remained unchanged 
throughout the entire study period. 
We are reluctant to apply high levels of PEEP (> 15 cm H2O) in postoperative patients after 
cardiac surgery who obviously have no ALI or ARDS, as these patients are generally prone to 
hemodynamic instability. Therefore, the patients were not subjected to recruitment maneu-
vers. After baseline measurements of Vcap and EIT, the PEEP level was increased to 14 cm H2O. 
This PEEP level was maintained for 15-20 minutes in order to reach a steady state situation, 
as assessed by a stable signal of the volume of exhaled carbon dioxide (VCO2). Thereafter, the 
PEEP was decreased from 14 to 0 cm H2O PEEP in steps of 2 cm H2O. Each PEEP level was ap-
plied for 5 to 10 minutes depending on hemodynamically stability. Blood gas analysis, Vcap 
and EIT were measured during each PEEP step. 
Data analysis
Volumetric capnography; model fitting and parameters
Vcap, which is constructed from expired CO2 concentration and expired volume, can be rep-
resented by a mathematical function, which is previously introduced by Tusman et al.27;28. This 
makes the analysis of the Vcap data less susceptible to noise. To obtain this mathematical func-
tion from Vcap data, a non-linear least square curve fitting algorithm according to Tusman et 
al.27 was used in a custom-made Matlab® (The MathWorks, Natick, MA, USA) program. From 
this model, parameters were derived for further analysis. First, the Vcap curve was divided into 
three phases (Phase I, II and III) (Fig.1). Phase I indicates the CO2 volume originated from the air-
ways, whereas phase III is the CO2 from the alveoli. Phase II therefore is the phase with CO2 from 
both the airways and alveoli. The inflection point of Phase II (Point A), which is determined by 
the maximum of the first derivative of the fitted model, was defined as the mean airway-alve-
olar interface that separates the airway from the alveolar compartment. Airway dead space 
(VDaw) is the volume from the beginning of the expiration until point A. Slope II (SII) is the slope 
of the inflection point of Phase II. Slope III (SIII) is the slope of phase III, which is calculated ac-
cording to Tusman et al.27;28. Therefore, phaseIII was divided into three even sized segments. 
A line was fitted through the second segment of phaseIII by the least-square method. The slope 
of this fitted line was determined as SIII. Thereafter slope III was divided by the fraction of end 
tidal CO2 (FECO2) in order to normalize the value and make it comparable between patients
28;29. 
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Normalized Slope III (SnIII) represents the homogeneity of ventilation and pulmonary perfu-
sion, which is considered as a good indicator of the global V/Q matching. SnIII increases in lung 
conditions associated with a mismatch of ventilation and perfusion like atelectasis or pulmo-
nary artery embolism, whereas low values indicate homogeneous V/Q matching.
figure 1: Schematic model of three phases of the expiration. The Vcap curve is divided in 
three phases. Phase I represents exhaled CO2 from the airways, whereas phase III represents 
exhaled CO2 from the alveoli. Phase II is a mixed phase with CO2 from both the airways and 
alveoli. Point A is the inflection point of phase II, which is the theoretical point where the air-
way compartment is separated from the alveolar compartment. Airway dead space (VDaw); 
Alveolar tidal volume (Vtalv); Tidal volume (Vt).
Physiological dead space was calculated according to the formula developed by Bohr, and the 
Enghoff modification of Bohr’s formula 30 (formula 1 + formula 2): 
(Mean alveolar partial pressure of CO2 (PaCO2); mixed expired partial pressure of CO2 (PĒCO2 =))
= VDBohr / VT [1]
PACO2 - PĒCO2 
PACO2
= VDEngho  / VT [2]
PaCO2 - PĒCO2 
PaCO2
Alveolar dead space (VDalv) was computed by subtracting VDaw from VDEnghoff. We chose to sub-
tract VDaw from VDEnghoff as the VDEnghoff contains all causes of V/Q inhomogeneity, whereas the 
Bohr formula is not supposed to contain shunts and low V/Q regions. The ratio of VDalv to al-
veolar tidal volume (VTalv) was obtained by dividing VDalv by VTalv (VTalv=VT - VDaw), in which VTalv 
represents alveolar tidal volume. 
EIT parameters 
EIT data were recorded with a sample frequency of 20 Hz. Data was reconstructed and ana-
lyzed using special software (EITdiag, Dräger, Lübeck, Germany). For each PEEP level, 10 to 20 
consecutive breaths at the end of each PEEP step were selected for analysis, with the assump-
tion that the lungs were best adapted to the ventilator settings at that time. EIT data contains 
signals induced by the respiratory system and the circulatory system. Therefore, to filter out 
signals related to the circulatory system, EIT data was filtered using a low pass-filter set to 40 
beats per minute. The reconstructed image was represented as a ventilation distribution map, 
which was generated by tidal impedance changes caused, by inspiration and expiration. These 
impedance changes are presented as tidal impedance variation (TIV) and have been shown 
to correlate well with gas volume changes as measured by CT-scans 16-18. The surface area of 
the distribution map was divided into two equal regions of interest (ROIs), to know the non-
dependent and dependent lung regions (online supplement Fig.1). The surface area of the EIT 
map was kept equal for all PEEP steps. 
Online supplement figure 1: example of reconstructed eIT images during the decremen-
tal PeeP trial. The lighter the color, the higher the impedance and the more aerated the lung 
region is. The surface area used in the EIT parameter calculations at every PEEP step is equal to 
the largest surface area (in this case at PEEP 12 cm H2O). The white line divides the EIT image 
into two equal regions of interest, to be known as the dependent and non-dependent lung 
region. During the decremental PEEP trial the aeration of the lungs decreased and shifted from 
the dependent towards the non-dependent lung region. 
The intratidal gas distribution (ITV) was developed by Löwhagen et al.21 (formula 3). The ITV de-
scribes the amount of the impedance distributed to each region of interest within one inspira-
tion. For this calculation Löwhagen et al.21 divided the inspiratory part of the global impedance 
curve into eight equal volume sections. In other words each part of the inspiration is 12.5% of 
the entire inspiration. Thereafter, they transposed the time needed for each section of the in-
spiration to the regional curves. In this way they were able to calculate the contribution of four 
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different regions of interest to the inspiration during a single breath. According to our previous 
publications19;20;22;31 we calculated the ITV for two instead of four regions of interest. Using the 
ITV calculation one is able to analyze the ventilation homogeneity during the inspiration. In 
order to reliably calculate the ITV, the filtered EIT signals were re-sampled with a frame rate of 
40 Hz. This step is important in order reliably divide the inspiratory part of the global TIV curve 
into eight iso-volume sections. (ITV = Intratidal Gas Distribution; TIV = Tidal Impedance Varia-
tion; ROI = Region of Interest; t = iso-volume part)
= Fractional regional ITV1-8 [3] 
21
ITV1-8  TIVROI
ITV1-8  TIVGlobal
In addition to the capnography and EIT parameters we also calculated the dynamic compli-
ance. Dynamic compliance was calculated by dividing the expiratory tidal volume by Peak In-
spiratory Pressure (PIP) minus PEEP.
Statistical Analysis
Statistical analyses were carried out using SPSS 21 (Chicago, IL, USA). Data are stated as mean 
± SD unless otherwise specified. Normal distribution of the data was tested using the Kol-
mogorov-Smirnov test, whereas homoscedasticity was tested using the Brown-Forsythe test. 
Changes in Vcap and EIT parameters during the entire protocol were tested using mixed linear 
models. Differences between two sequent PEEP steps are tested using the paired-t test for 
normal distributed data, and using the Wilcoxon rank sum test for not normal distributed data. 
For all statistical test p < 0.05 was considered statistically significant. 
results
The initial physiological data, measured shortly before 14 cm H2O was applied, is summarized 
in Table 1. During the different PEEP levels, blood gases and dynamic compliance remained 
stable down to a PEEP level of 2 cm H2O and decreased significantly at 0 PEEP (ZEEP) (Table 2). 
Figure 2 shows the TIV for the dependent and non-dependent lung region. The 14 cm H2O 
PEEP step was chosen as reference, and the TIV of both lung regions together was set to 100% 
at 14 cm H2O, Therefore, at lower PEEP levels the sum of TIV of both regions can be more or 
less than 100%, as compared to PEEP 14 cm H2O. At 14 cm H2O of PEEP, most of the ventilation 
was distributed to the dependent lung region and from PEEP level of 10 cm H2O and lower, 
the non-dependent lung region became predominant ventilated (Fig. 2). TIV in the dependent 
lung region decreased during each PEEP step reduction from a PEEP of 12 cm H2O, indicating 
less ventilation at lower PEEP levels due to collapse (Fig. 2). TIV in the non-dependent region 
had the highest value at 6 cm H2O of PEEP (Fig. 2). In addition, ventilation was evenly distribu-
tion among dependent and non-dependent regions at 12 and 10 cmH2O PEEP (Fig. 3).
figure 2: Tidal Impedance Variation at different PeeP levels. Data are shown as mean ± SE. 
In the dependent lung region the ventilation distribution was decreased when PEEP was low-
ered, whereas in the non-dependent region received more ventilation as compared to PEEP 14 
cm H2O. * Indicates a significant reduction in TIV of the non-dependent region according to 6 
cm H2O. # Indicates a significant reduction in TIV of the dependent region as compared to 12 
cm H2O. Dashed lines represents the interpolation lines; open circles = non-dependent region; 
solid circles = dependent region. p < 0.05 was considered significant.
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Dead space variables, blood gas analysis and compliance during the decremental PEEP trial
PEEP 
(cm H2O) 14 12 10 8 6 4 2 0
VT (ml) 472 ± 80 476 ± 77 474 ± 80 473 ± 77 472 ± 76 471 ± 78 474 ± 81 473 ± 81
VDaw (ml) 214 ± 40 209 ± 42 204 ± 39 196 ± 40* 188 ± 39 182 ± 36 174 ± 32 167 ± 26
VDalv (ml) 52 ± 37 52 ± 34 47 ± 31 45 ± 33 42 ± 33* 35 ± 32 39 ± 31 35 ± 29
VDBohr/VT 0.48 ± 0.06 0.47 ± 0.07 0.45 ± 0.07* 0.43 ± 0.07 0.40 ± 0.07 0.38 ± 0.07 0.35 ± 0.07 0.33 ± 0.07
VDEnghoff/VT 0.57 ± 0.07 0.55 ± 0.08 0.53 ± 0.08* 0.52 ± 0.08 0.49 ± 0.08 0.47 ± 0.09 0.46 ± 0.08 0.44 ± 0.08
VDalv/VTalv 0.19 ± 0.11 0.18 ± 0.1 0.17 ± 0.09 0.15 ± 0.09 0.14 ± 0.1* 0.12 ± 0.1 0.13 ±0.09 0.11 ± 0.09
SnIII 
(mmHg/ml) 0.95 ± 1.19 0.73 ±0.64 0.62 ±0.31 0.62 ±0.43 0.58 ±0.33 0.48 ±0.25* 0.47 ±0.26 0.50 ±0.21
VTCO2,br 
(ml)
12.5 ± 3.3 13.3 ± 3.7* 13.9 ± 3.7 14.3 ± 3.6 14.7 ± 3.7 15.2 ± 3.7 15.7 ± 3.8 16.0 ± 3.9
VIII/VT 0.42 ± 0.14 0.39 ± 0.13 0.41 ± 0.14 0.43 ± 0.13* 0.46 ± 0.13 0.46 ± 0.13 0.48 ± 0.12 0.51 ± 0.11
Pa-ETCO2 
(mmHg)
3.6 ± 2.8 3.4 ± 2.5 3.7 ± 2.6 3.2 ±2.5 2.9 ± 2.7 2.7 ± 2.4 3.1 ± 2.4 2.8 ± 2.5*
PaCO2 
(mmHg)
43 ± 5 43 ± 5 44 ± 5 43 ± 5 42 ± 5 42 ± 5 42 ± 5 41 ± 5*
PaO2 
(mmHg)
138 ± 35 140 ± 32 145 ± 25 145 ± 24 145 ± 23 139 ± 21 132 ± 24 127 ± 23*
PaO2/FiO2 
(mmHg)
346 ± 87 349 ± 80 359 ± 71 371 ± 71 372 ± 68 357 ± 65 338 ± 72 324 ± 70*
Dynamic 
compliance 
(ml/cm 
H2O)
34 ± 6 36 ± 8 35 ± 6 35 ± 7 35 ± 7 34 ± 7 33 ± 7 31 ± 7*
Table 2: Data are presented as mean ± SD. The first statistical change compared with 14 cm 
H2O PEEP is indicated by *. p <0.05 was considered significant. Positive End-Expiratory Pressure 
(PEEP), Tidal volume (VT), Airway dead space (VDaw), Alveolar dead space (VDalv), Alveolar dead 
space to alveolar tidal volume ratio (VDalv/VTalv), Normalized slope of phase III (SnIII), Amount 
of expired CO2 within one breath (VTCO2,br), Volume of phase III to tidal volume ratio (VIII/VT), 
Arterial minus end-tidal partial pressure of CO2 (Pa-ETCO2), Arterial partial pressure of O2 (PaO2), 
Arterial partial pressure of CO2 (PaCO2), Fraction of inspired oxygen (FiO2). 
Table 2 shows changes in different Vcap parameters. VDBohr/VT and VDEnghoff/VT significantly de-
creased from a PEEP of 10 cm H2O and less as compared to 14 cm H2O PEEP. The ratio of alveolar 
dead space to alveolar tidal volume significantly decreased from a PEEP level of 6 cm H2O and 
less as compared to 14 cm H2O PEEP. The normalized slope of phase III significantly changed at 
a PEEP levels of 4 cm H2O or less, whereas volume of phase III corrected for tidal volume (VIII/
VT) increased significantly as compared to 14 cm H2O PEEP at ≤8 cm H2O PEEP, indicating more 
alveolar ventilation at lower 
PEEP levels. In addition, VDaw decreased significantly from a PEEP level of 8 cm H2O or less. 
Shunt fraction calculated as the difference between arterial CO2 minus end-tidal CO2 (Pa-ETCO2) 
32 only significantly differed at ZEEP. 
Figure 4 shows the effect of PEEP on the Vcap curve. When lower PEEP levels are applied the 
Vcap curve is shifted to the left, as a consequence of decreased VDaw. VDaw/VT significantly de-
creased at 10 cm H2O and lower as compared to 14 cm H2O PEEP (Table 2). 
a
figure 3: Mean intratidal gas distribution (ITV) curve of all the patients at each PeeP step. 
Data are shown as mean ± SE. ITV curve represents the mean percentile contribution (%) of 
ventilation distribution in non-dependent and dependent lung regions during the entire inspi-
ration. At PEEP 12 and 10 cm H2O, intratidal gas distribution curves stayed close to each other 
showing equal distribution to both regions. Dashed lines represents the interpolation lines; 
open circles = non-dependent region; solid circles = dependent region.
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Discussion 
In the present study we found that dead space calculations according to Bohr and Enghoff 
agreed well with the PEEP level resulting in homogeneous ventilation as measured by EIT. In 
contrast, VDalv/VTalv and SnIII were insensitive to detect lung inhomogeneity. In addition, we 
found that in relatively healthy lungs, without the application of a RM, higher PEEP levels main-
ly induce airway distention rather than improve alveolar ventilation.
Recently, we demonstrated that homogeneous ventilation by means of ITV agreed well with 
a PEEP level with the highest dynamic compliance20. We compared the whole dependent with 
the non-dependent lung region and found that the dependent lung region had the highest 
TIV at 12 cm H2O PEEP and decreased with each decremental PEEP step indicating collapse 
in that region. At a PEEP level of 12 cm H2O the dependent and non-dependent lung regions 
were in balance. Above this PEEP the dependent region received most of the tidal volume, 
whereas below this PEEP the non-dependent region was predominantly ventilated. Thus EIT is 
the first device able to visualize collapse and hyperinflation of lung tissue at the bedside.
In an experimental study by Tusman et al.32 a RM followed by decremental PEEP trial from 24 
to 0 cm H2O in steps of 2 cm H2O was performed, in 8 lung lavaged pigs. They investigated the 
ability of Vcap to detect optimal PEEP, as compared to computed tomography scans (CT), and 
found that dynamic compliance, VDalv/VTalv and Pa-ETCO2 correlated best with the amount of 
non-aerated lung tissue as detected by CT-scans. Yang et al.33 performed a decremental PEEP 
trial on eight lung-lavaged piglets. After a RM they stepwisely reduced the PEEP from 20 cm 
H2O to 4 cm H2O in steps of 4 cm H2O. At PEEP levels below 16 cm H2O they found that VDalv/
VTalv was well correlated to non-aerated and normally aerated lung tissue as assessed by CT-
scans. In addition, they found that the lowest SIII value was closely related to best lung function. 
They concluded that VDalv/VTalv and SIII are best predictors for alveolar collapse or hyperinfla-
tion. Therefore, from these two studies it can be concluded that Vcap is a reliable tool to detect 
both collapse and hyperinflation of lung tissue, as confirmed by CT-scans which is the golden 
standard to assess alveolar collapse or hyperinflation. 
Maisch et al.34 performed an incremental and decremental PEEP trial in 20 anesthetized pa-
tients with healthy lungs undergoing faciomaxillary surgery. During the PEEP trial, PEEP 
levels between 0 and 15 cm H2O were applied in PEEP steps of 5 cm H2O. They showed that 
after a RM physiological dead space was the lowest at 10 cm H2O PEEP, whereas static com-
pliance of the respiratory system was the highest at that PEEP level. In addition, functional 
residual capacity and PaO2 were insensitive parameters for detection of alveolar hyperin-
flation as they decreased with each PEEP step. Therefore, they concluded that physiologi-
cal dead space and static compliance of the respiratory system are suitable parameters for 
PEEP titration. Interestingly, we found that the PEEP level at which VDBohr/VT and VDEnghoff/VT 
significantly decreased (Table 2), suggesting a reduction in V/Q mismatch, agreed well with 
the PEEP level at which the inspired air was homogeneously distributed to the dependent 
and non-dependent lung regions, as measured by EIT (Fig. 2 and Fig. 3). However, at lower 
PEEP levels VDBohr/VT and VDEnghoff/VT keeps decreasing indicating that this parameter adds 
no additional information about ventilation homogeneity at lower PEEP. In addition, the ex-
haled CO2 per breath (VCO2,br) and the SnIII both showed that elimination of CO2 improved 
at lower PEEP levels (table 2), but no optimum could be found. Therefore, in the present 
study design and study population, Vcap is not able to detect homogeneous ventilation. 
 
 
figure 4. effect of increased PeeP on the Vcap curve. Figure 4 demonstrates the effect of 
two PEEP levels on the Vcap curve. Due to the PEEP application the Vcap curve shifts to the 
right, indicating an increase in airway dead space.
 
Our finding in Vcap that PEEP mainly increases the airway-volume rather than improves al-
veolar ventilation is apparently in contradiction with the results of other studies published 
earlier14;32;33. Lower PEEP levels cause a shift of the Vcap curve to the left (fig. 4a), indicating in-
creased airway dead space at higher PEEP levels. These opposing results could be explained by 
the fact that post-cardiac surgery patients have relatively healthy lungs. Although the patients 
in our study may have atelectasis, there is no question of surfactant depletion and we assume 
that the atelectasis is recruited without the need of high PEEP levels. In contrast, the previous 
studies used the lung-lavaged models with large amount of shunt area, which are recruitable 
at high PEEP levels. However, Nieman et al.35-41 found during in vivo microscopy in normal and 
surfactant deactivated pigs during ventilation with tidal volumes of 6, 12 and 15 ml/kg that 
in normal lungs the alveolar area at end-inspiration and end-expiration (I-EΔ) did not differ 
between the three different tidal volumes, whereas in the surfactant deactivated lungs I-EΔ 
increased significantly at higher tidal volumes. In a next study35 they used different tidal vol-
umes (6, 12, 15 ml/kg) and PEEP levels (5, 10, 20 cm H2O) and found that I-EΔ did not change in 
normal lungs, whereas in surfactant deactivated lungs the alveolar size significantly increased 
as compared to normal lungs with equal settings. From these studies it can be concluded that 
in normal lungs with stable alveoli, PEEP volume results in airway distention, whereas in ALI/
ARDS lungs PEEP keeps the alveoli open and stabilized. In addition, airway distention due to 
high PEEP might also explain why physiological dead space calculated according to Enghoff 
increases at higher PEEP levels whereas PaCO2 did not significantly differ during the different 
PEEP levels except at ZEEP. This explains the absence of a change in SIII and the left shift of SII 
in the Vcap curves at decreasing PEEP levels in our patients.
There are limitations to this study. Firstly, we did not apply a RM before the PEEP reduction in 
order to avoid serious deterioration of hemodynamics in the direct post-operative period. It 
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has been shown that Vcap parameters after a RM are more sensitive to detect changes in CO2 
elimination as compared to PEEP trials without a RM42;43. Secondly, EIT describes the ventilation 
distribution in a lung slice of approximately 5-10 cm thick42;44. Therefore, the image obtained 
from the single cross-section does not represent the entire lung. In addition, PEEP increases 
results in changed chest size and intrathoracic blood volume. However, by using two large 
regions of interest the corresponding lung tissue to the individual pixel is limited. The effect 
of changed intrathoracic blood volume is limited as EIT is hundred times more sensitive to 
impedance changes caused by aeration as compared to impedance changes caused by the 
cardiac system45-47. Thirdly, the time intervals of 5-10 minutes at each PEEP level might be too 
short to achieve a steady state for obtaining reliable data. However, a recent study showed 
that elimination of CO2 reached a new stable period within 5 minutes of a PEEP change
48. It is 
known that Vcap is influenced by both the cardiac system and the pulmonary system. In this 
study we did not perform cardiac output measurements, which limit us to assess Vcap changes 
induced by deteriorated cardiac output at higher PEEP levels. However, we did not find sig-
nificant differences in blood pressure and heart rate between PEEP 14 and ZEEP. Therefore, we 
assume that the influence of the change in cardiac output with different PEEP levels on dead 
space was not profound.
Conclusion
In post-operative cardiac patients with low shunt fractions, dead space calculations ac-
cording to Bohr and Enghoff agreed well with EIT. EIT is able to detect the optimal PEEP 
level for equal distribution of inspired air among the non-dependent and the depend-
ent regions of the lungs. In contrast, VDalv/VTalv and SnIII were unable to detect this distri-
bution. In addition, we found that in relatively healthy lungs applying higher PEEP lev-
els mainly induced airway distention rather than improvement of alveolar ventilation. 
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abstract
Background
Inhomogeneous ventilation is an important contributor to ventilator-induced lung injury. 
Therefore, this study examines homogeneity of lung ventilation by means of electrical imped-
ance tomography (EIT) measurements during pressure-controlled ventilation (PCV) and pres-
sure support ventilation (PSV) using the same ventilation pressures.
Methods
Twenty mechanically ventilated patients were studied after cardiac surgery. On arrival at the 
intensive care unit, ventilation distribution was measured with EIT just above the diaphragm 
for 15 min. After awakening, PCV was switched to PSV and EIT measurements were again re-
corded.
results 
Tidal impedance variation, a measure of tidal volume, increased during PSV compared with 
PCV, despite using the same ventilation pressures (P = 0.045). The distribution of tidal ventila-
tion to the dependent lung region was more pronounced during PSV compared with PCV, es-
pecially during the first half of the inspiration. An even distribution of tidal ventilation between 
the dependent and non-dependent lung regions was seen during PCV at lower tidal volumes 
(< 8 ml/kg) and PSV at higher tidal volumes (≥ 8 ml/kg). In addition, the distribution of tidal ven-
tilation was predominantly distributed to the dependent lung during PSV at low tidal volumes.
Conclusion
In post-cardiac surgery patients, PSV showed improved ventilation of the dependent lung re-
gion due to the contribution of the diaphragm activity, which is even more pronounced during 
lower assist levels.
Introduction
In many types of patients, mechanical ventilation is a prerequisite during general anaesthesia 
and also in the treatment of patients with respiratory failure in the intensive care unit (ICU). It 
is established that conventional mechanical ventilation itself can cause damage to the lung in 
critically ill patients, also known as ventilator-induced lung injury (VILI)1. In addition, conven-
tional mechanical ventilation during surgery, such as cardio-surgery with cardio-pulmonary 
bypass or esophagectomy with gastric tube reconstruction, produces inflammatory cytokines 
and mediators, thereby initiating an inflammatory process2-7. Although the transduction of the 
mechanical stimulus to a biological reaction remains unclear, it is generally considered that the 
origin of this biotrauma is mechanical stress at the lung parenchyma.
Initially in patients with acute respiratory distress syndrome (ARDS)8;9, but later also in patients 
undergoing surgery3;6;7;10, inflammatory response was attenuated by a ventilation strategy 
avoiding atelectasis by applying adequate levels of PEEP and minimizing overdistention by 
use of low tidal volumes. Although high PEEP levels are often required to avoid collapse af-
ter recruitment, the application of higher PEEP levels may increase the risk of hyperinflation. 
Therefore, a compromise must be found between PEEP-induced alveolar recruitment and pre-
vention of hyperinflation. 
In 1970, Mead et al.11 estimated that forces acting on lung tissue may be as much as 4.5 times 
higher when lungs are inhomogeneously ventilated. This was confirmed in experimental 
work using tomographic microscopy, which generates detailed three-dimensional alveolar 
geometries12. This inhomogeneity raises stress on the border of open and collapsed alveoli 
and increases the risk to develop VILI13. Recently, in 10 mechanically-ventilated patients, we 
compared three different assist levels during pressure support ventilation (PSV) and neurally 
adjusted ventilatory assist (NAVA)14. It was shown that, if the PSV level is set to high most air 
distributes to the non-dependent lung region whereas lower assist levels lead to more homo-
geneous ventilation of the lung. In addition, during NAVA it was shown that, due to respiratory 
auto-regulation by the patient, the patient is able to evenly distribute the inspired air to the 
dependent and non-dependent lung region at different gain levels14. 
Therefore, in the present study EIT was used as a tool to analyse ventilation distribution during 
mechanical ventilation in a non-invasive manner at the bedside, in order to apply homoge-
nous ventilation to each patient. Our hypothesis is that homogenous ventilation, as measured 
by EIT, is dependent on the tidal volume and the presence of respiratory drive of the patient.
8
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Materials and Methods
Study population
The present study has a prospective observational crossover design, in which 20 post-cardiac 
surgery patients admitted to the thoracic ICU were studied during mechanical ventilation (Evi-
ta Infinity V500, Dräger Medical, Lübeck, Germany). 
The local Medical Ethics committee (Medical Ethical Committee Rotterdam: Dr. Molewater-
plein 50, 3015 GE Rotterdam, The Netherlands.) approved the study protocol (19 December 
2011; permit nr. MEC-2011-301) and informed consent was obtained from the patient or a legal 
representative. Data was collected between January 2012 and April 2013.
The inclusion criteria were: aged >18 years, written informed consent, hemodynamically sta-
ble, and ventilated with PCV. Exclusion criteria were: a pacemaker, pneumothorax and severe 
airflow obstruction due to chronic obstructive pulmonary disease (COPD). COPD was defined 
as forced expiratory volume in one second or vital capacity below predicted value minus two 
standard deviations.
Study protocol and measurements
All patients admitted to the ICU were in sitting position (20-30 degrees) and ventilated with 
PCV because of the deep sedation level (i.e. Ramsey sedation scale of 5-6) in the immediate 
postoperative period. At 30 min after ICU admission, a 16-electrode silicon belt was placed 
around the patient’s thoracic cage between the 6th and 7th intercostal spaces. EIT measure-
ments (Pulmovista 500, Dräger Medical, Lübeck, Germany) were performed for 15 min. After 
the sedation was stopped and the patient was successfully ventilated with PSV for 15 min, we 
performed a second EIT measurement for 15 min. Between the two measurements the EIT 
device remained connected to the patient to maintain an equal baseline value and to ensure 
that the same lung slice was measured again. The inspiratory pressure settings during PCV and 
PSV were identical. The Inspiration/Expiration (I/E) ratio was 1:1 or 1:2 depending on the PaCO2 
during PCV, and the inspiratory flow cut-off was set at 25% during PSV. The fraction of inspired 
oxygen (FiO2) was set to achieve a PaO2 of 10 kPa, whereas positive end-expiratory pressure 
(PEEP) was set according to the standard FiO2 PEEP table
8. During PCV the pressure above PEEP 
was set to reach tidal volumes of 8 ml/kg predicted body weight (PBW) or a minimum of 7 cm 
H2O without automatic tube compensation. The respiratory frequency was set to maintain a 
PaCO2 of 5-6 kPa.
Data analysis
EIT data were analysed using special software (EITdiag, Dräger Medical, Lübeck, Germany). EIT 
data consist of signals from both the cardiovascular and respiratory system. Therefore, all data 
were filtered using a low-pass filter of 40 beats per min (BPM) to exclude all signals related to 
the cardiovascular system but leaving the signals related to ventilation. Thereafter, the data 
were resampled with 40 Hz in order to reliably divide the inspiratory part of the global tidal 
impedance variation (TIV) curve into 8 equal volume sections for the intratidal gas distribu-
tion (ITV) analyses. For the two ventilator modes the reconstructed EIT images had an equal 
surface area, which was divided into two equal regions of interest (ROI). The ROIs were set as 
non-dependent and dependent lung regions. The PCV measurement was used as reference 
to compare the changes in ventilation distribution during PSV. Retrospectively, patients were 
divided into a high tidal volume group (≥8 ml/kg) and a low tidal volume group (<8 ml/kg). A 
cut-off value of 8 ml/kg was chosen as this is the upper limit for tidal volumes according to the 
ARDS network trial 8.
figure 1: Reconstructed electrical impedance tomography (EIT) images during pressure-con-
trolled ventilation (PCV) and pressure support ventilation (PSV). (A) shows EIT images of one 
patient ventilated with PCV and PSV during the same ventilator airway pressures. The ventila-
tion surface area of the PSV image is the largest and therefore used for all calculations. The 
images are divided into two regions of interest (non-dependent and dependent region) by 
the white line. Impedance changes are shown by a color map from blue (normal impedance) 
to white (high impedance), whereas the black area is not ventilated. (B) shows the tidal imped-
ance distribution of the same patient during one inspiration. The inspiration is cut into eight 
iso-volume (ITV) parts. Each ITV step represents 12.5% of a breath. During PCV, most ventila-
tion (white area) started in the right middle lung, whereas during PSV the ventilation started 
more in the dependent lung region of both the right and left lung.
Ventilation distribution in a lung slice is measured by means of TIV and displayed in a coloured 
EIT map (Fig. 1A). TIV correlates well with gas volume changes measured with computed to-
mography (CT)15-17. The global TIV curve consists of an inspiratory part and an expiratory part. 
Löwhagen et al. developed a method to analyse ventilation distribution during the inspiration, 
which they called the regional ITV18. This ITV is calculated by dividing the inspiratory part of 
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the global TIV curve into 8 iso-volume steps (formula 1). By translating the corresponding time 
points of the 8 steps from the global to the regional TIV curves the percentile contribution of 
the dependent and non-dependent regions can be calculated18.
ITV formula: (ITV = intratidal gas distribution part;  
TIV = tidal impedance variation; ROI = region of interest) 
= Fractional regional ITV1-8
TIV = Impedance max - Impedance min
[1]
ITV1-8 TIVROI
ITV1-8 TIVGlobal
Another EIT parameter that was calculated is the intratidal gas distribution (ITV) index; this 
index was developed by our group and describes the homogeneity of ventilation distribution 
during the inspiration, which is based on ITV calculations using the method of Löwhagen et 
al.18. Therefore, we divided the ITV of the non-dependent region by the ITV of the dependent 
region. If the ITV index is 1 this indicates that ventilation is homogeneously distributed to the 
dependent and non-dependent regions, whereas values higher and lower than 1 indicate that 
more ventilation is distributed to the non-dependent or dependent region, respectively. In 
addition to the ITV index we calculated another homogeneity index, the global inhomogene-
ity (GI) index19;20. The GI index is calculated by subtracting the median impedance variation of 
the whole EIT image from the impedance variation per pixel. The result of this subtraction is 
divided by the sum of impedance difference of all pixels in order to normalize the calculated 
values. Based on this calculation the ventilation distribution in the lungs can be quantified for 
each pixel (formula 2). In other words, the GI index calculates the variance in impedance per 
pixel as compared with the whole EIT image. If there is a small variance in impedance (i.e. the 
GI index) this indicates that the lung is more homogeneously ventilated. 
GI index formula: (x and y describe the location of the pixel on the x and y axes; means element)
 
= GI [2]
∑x,y ∈ lung|Impedance dierencexy-Median (Impedance dierencelung )|  
∑x,y ∈ lung Impedance dierencexy
Statistical Analysis
Data were tested for normal distribution using the Kolmogorov-Smirnov test and the Brown-
Forsythe test was used to test the homoscedasticity. The Mann-Whitney U test was used to 
analyse TIV, ITV, and the ITV index and GI index. Normally distributed data were analysed with 
an unpaired Student’s t-test. 
Statistical analysis was performed using SPSS 21 (IBM, Chicago, IL, USA). For all comparisons p 
<0.05 was considered statistically significant. Values are presented as mean ± SD unless other-
wise specified. 
results
Table 1 presents information on patient demographics and Table 2 presents the respiratory 
parameters during PCV and PSV. In both ventilator modes peak inspiratory pressure (PIP) and 
PEEP values were the same and only the respiratory rate, expiratory tidal volume and expira-
tory time showed significant differences between the two modes (Table 2). 
Data on patient demographics and characteristics 
No. of patients 20
Gender (male/female) 12/8
Age (years) 61 [35-77]
Height (m) 1.74±0.12
Weight (kg) 80±18
Predicted body weight (kg) 67±12
Body mass index 26±5
Mean arterial pressure (mmHg) 79±12
Heart rate (BPM) 85±16
Respiratory rate (BPM) 15±4
Positive end-expiratory pressure 
(cm H2O) 8±2
Peak pressure (cm H2O) 19±4
Expiratory tidal volume (ml) 481±124
Expiratory tidal volume/predicted body weight (ml/kg) 7±2
PaO2/FiO2 (kPa) 45.9±16.5
CPB time (min) 79±49
Diagnoses CABG CABG+VR VR Other
6 1 9 4
ARDS score* No Mild Moderate Severe
12 7 1 0
Table 1: Data are presented as mean ± SD unless otherwise specified. Age is presented as 
mean + range. Cardiopulmonary Bypass (CPB); Coronary Artery Bypass Graft (CABG); Valve Re-
placement. *ARDS score according to the new Berlin criteria: mild ARDS = PaO2/FiO2 26-40 kPa; 
moderate ARDS = PaO2/FiO2 13-26 kPa; severe ARDS = PaO2/FiO2 <13 kPa.
Tidal impedance variations per individual ITV step for one patient are shown in figure 1B. Dur-
ing PCV, most ventilation (white area) started in the right middle lung, whereas during PSV the 
ventilation started more in the dependent lung region of both the right and left lung. The total 
TIV of the entire image was significantly higher during PSV as compared with PCV (p=0.045). 
This increased TIV is explained by the higher tidal volumes during PSV compared with PCV 
(Table 2). Despite use of the same ventilatory pressures, the increased tidal volume during 
PSV is a result of the respiratory drive, i.e. diaphragm activity. During PCV, no spontaneous 
breaths were detected (Table 2). The TIV was significantly higher for the non-dependent lung 
region during PCV, whereas during PSV the TIV was similar in both the dependent and non-
dependent lung regions (Fig. 2).
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figure 2: Variation in tidal impedance (TIV) during pressure-controlled ventilation (PCV) and 
pressure support ventilation (PSV). Data are presented as mean ± SE. During PCV, the nonde-
pendent lung region received significantly better ventilation compared with the dependent 
region, whereas during PSV, no difference in TIV was found between the two lung regions. 
Open circles = nondependent region; solid circles = dependent region. *Significant difference 
in TIV between the dependent and non-dependent lung regions. Differences are considered 
significant when P is < 0.05.
respiratory parameters during pressure controlled ventilation (PCV) and pressure sup-
port ventilation (PSV)
PaO2 PaCO2 PaO2/FiO2 PEEP Pressure Ppeak Tve
(kPa) (kPa) (kPa) (cm H2O) above PEEP (cm (ml)
(cm H2O) H2O)
PCV 17.4±4.8 5.2±1.2 45.9±16.5 8±2 11±3 19±4 481±124
PSV 17.0±3.2 5.7±1.3 46±9.3 8±2 11±3 19±4 602±232*
Tve/PBW Mve RR Inspiratory time Expiratory time Tve/PBW
(ml/kg) (l/min) (breaths per min) (s) (s) (ml/kg)
PCV 7.2±1.9 8.3±2.4 17±2 (0%) 1.5±0.4 2.0±0.4 7.2±1.9
PSV 9.1±3.5* 7.4±2.3 13±4* (100%) 1.9±0.9 3.1±1.3* 9.1±3.5*
Table 2: Data are presented as mean ± SD. After the switch from PCV to PSV the respiratory 
rate (RR), expiratory tidal volume (Tve) and the expiratory time showed a significant change 
between PCV and PSV. The percentages presented behind the respiratory rates are the per-
centage of spontaneous breaths during use of each ventilatory mode. Peak pressure (Ppeak); 
Expiratory tidal volume per kilogram predicted body weight (Tve/PBW); Expiratory minute vol-
ume (Mve). *p <0.05.
The distribution of tidal ventilation during inspiration, expressed as ITV, was predominantly to 
the non-dependent lung region during PCV, indicating that most of the tidal volume during 
a breath was distributed to the non-dependent region of the lung (Fig. 3). In contrast, ITV was 
more in balance during PSV; however, at the end of inspiration more tidal distribution was 
distributed to the non-dependent lung region during PSV (Fig. 3). The contribution of the de-
pendent lung region of an inspiration was significantly higher during PSV compared with PCV 
(p=0.008) (Fig. 3). From figure 3 we also calculated the ITV as volumes instead of percentages. 
During PSV significantly more air is distributed towards the dependent and non-dependent 
lung regions per ITV step as compared to PCV (Table 3). In addition, we found that during the 
first half of the inspiration (ITV steps 1-4) significantly more air distributed towards the depend-
ent lung region during PSV as compared to PCV (Table 3), whereas for the non-dependent lung 
region no difference was found.
Tidal volume distribution during the inspiration
Intratidal gas distribution step Region PCV PSV p-value
ITV 1 (ml) Non-dependent 32±13 34±17 0.892
Dependent 28±8 41±17 0.001*
ITV 2 (ml) Non-dependent 33±13 37±17 0.626
Dependent 27±8 38±16 0.002*
ITV 3 (ml) Non-dependent 34±13 38±16 0.499
Dependent 26±8 38±17 0.003*
ITV 4 (ml) Non-dependent 34±13 38±16 0.417
Dependent 26±8 37±17 0.010*
ITV 5 (ml) Non-dependent 34±13 39±16 0.330
Dependent 26±8 36±18 0.023*
ITV 6 (ml) Non-dependent 34±13 40±16 0.204
Dependent 26±9 36±18 0.079
ITV 7 (ml) Non-dependent 34±12 41±17 0.137
Dependent 27±9 34±17 0.304
ITV 8 (ml) Non-dependent 34±13 50±21 0.017*
Dependent 26±11 25±14 0.808
Table 3: Data are presented as mean ± SD. Each intratidal gas distribution (ITV) step represents 
12.5% of the inspiration. During the first part of the inspiration (ITV-step 1-5) significantly more 
tidal volume distributed towards the dependent lung region during Pressure Support Ventila-
tion (PSV) as compared to Pressure Controlled Ventilation (PCV). * p < 0.05 between PCV and 
PSV.
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figure 3: Intratidal gas distribution during pressure-controlled ventilation (PCV) and pressure 
support ventilation (PSV). Data are presented as mean ± SE. Tidal ventilation distributed to the 
non-dependent lung region within the inspiration during PCV. The dependent lung region was 
predominant during the first part of the inspiration with PSV. Open circles = non-dependent 
region; solid circles = dependent region.
Except for ITV, no significant difference was found between PCV and PSV for any of the EIT 
parameters. Therefore, we retrospectively divided the patients into a high tidal volume (≥8 ml/
kg) and a low tidal volume (<8 ml/kg) group for both ventilator modes. During PCV 14 patients 
received tidal volumes of <8 ml/kg and 6 patients received tidal volumes >8 ml/kg, whereas 
during PSV this was 5 and 15 patients, respectively. The mean tidal volume during PCV was 
6±1 vs. 9±1 mL/kg PBW (p<0.001) in the lower and higher tidal volume groups, respectively, 
whereas during PSV this was 5±1 vs. 10±3 mL/kg PBW (p<0.001). Tidal volume distribution was 
clearly in the dependent lung region during PSV at low tidal volume (Fig. 4) whereas ventila-
tion was more evenly distributed during ventilation with high tidal volumes; however, at the 
end of the inspiration tidal volume distribution shifted to the non-dependent lung region (Fig. 
4). Tidal volume was evenly distributed between both lung regions during PCV at low tidal 
volume (Fig. 4). During PCV at high tidal volume, tidal volume distribution was predominantly 
in the non-dependent lung region (Fig. 4). 
Table 4 presents the indices of homogeneity: the GI index and the ITV index. There were no 
significant differences in the GI index between the groups (Table 4). The ITV index showed 
improved ventilation of the dependent region during PSV (Table 4).
figure 4: Intratidal gas distribution calculated for different tidal volumes during pressure-con-
trolled ventilation (PCV) and pressure support ventilation (PSV). Data are presented as mean ± 
SE. The contribution of the dependent lung region to the inspiration was significantly higher 
in the group ventilated with tidal volumes of < 8 ml/kg predicted body weight, during both 
ventilator modes as compared with tidal volumes ≥ 8 ml/kg. Open circles = non-dependent 
region; solid circles = dependent region.
Discussion
In the present study, PSV improved ventilation of the dependent lung region due to contribu-
tion of the diaphragm, which is more pronounced during lower tidal volume in post-cardiac 
surgery patients. Also, homogeneous ventilation (as measured by EIT) can be achieved during 
PCV when lower tidal volumes (<8 ml/kg PBW) are used. In this study, although the same air-
way pressures were used with both ventilation modes, tidal volume was significantly higher 
during PSV due to diaphragm activity of the patient as compared with PCV. In this latter mode 
no spontaneous breaths were detected due to the deep level of sedation.
Although both PCV and PSV are well-accepted modes of mechanical ventilation, there is some 
debate as to which ventilator mode is preferable. In a model of acute lung injury (ALI), Spieth et 
al. showed that PSV improved gas exchange and reduced pulmonary inflammatory response 
compared with PCV21. Yoshida et al.22 compared PSV with Airway Pressure Release Ventilation 
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in 18 ALI/ARDS patients using CT scans and found an improved gas exchange during PSV. 
However, these authors showed no significant reduction in hyperinflated or non-aerated lung 
tissue during PSV. Dellinger et al. used vibration response imaging (VRI) during PCV, PSV and 
volume-controlled ventilation with equal tidal volumes and found that PSV led to more ven-
tilation of the lower lung regions compared with volume-controlled ventilation; however, the 
authors found no difference between PCV and PSV23. During VRI measurements it is possible 
to differentiate between cranial and caudal lung regions, but not between dependent and 
non-dependent lung regions as seen with EIT. An EIT study by Radke et al.24 compared sponta-
neous breathing, and PCV and PSV, in patients undergoing elective surgery and showed that 
ventilation is mainly distributed to the non-dependent lung regions during both PCV and PSV 
compared with spontaneous breathing; however, no difference was found in ventilation distri-
bution between PCV and PSV. In contrast, Mauri et al.25 and Blankman et al.14 found improved 
ventilation of the dependent lung region with EIT at lower PSV assist levels in patients recov-
ering from ARDS. Andersson et al.26 found comparable findings in a study comparing three 
different types of continuous positive airway pressure (CPAP) PAP (High Flow-CPAP; Ejector 
drive-CPAP (E-CPAP); Ventilator-CPAP) in 14 healthy volunteers, using mask ventilation. They 
showed that E-CPAP, provided the least assist, resulted in more ventilation distribution towards 
the dependent lung region, as assessed with ITV calculations of EIT data. It was concluded 
that due to the lower assist, the respiratory demands of the patients are probably not fulfilled, 
leading to a higher activity of the diaphragm and thus more ventilation distribution towards 
the dependent region. Already in 1974, Froese and Bryan27 showed that during spontaneous 
breathing there is a contraction of the diaphragm, with more displacement of the posterior 
part, resulting in more homogeneous ventilation distribution and a better ventilation/perfu-
sion ratio in three adult volunteers, both awake and anesthetized. Wrigge et al. 28 showed in an 
experimental study that Airway Pressure Release Ventilation (APRV) with spontaneous breath-
ing improved dependent ventilation compared to APRV without spontaneous breathing. Thus 
active contribution of the diaphragm will increase the ventilation distribution towards the de-
pendent lung region from the beginning of a breath.
The ITV developed by Löwhagen et al.18 is an ideal tool to assess ventilation distribution within 
an inspiration. In a PEEP trial, these authors showed that the contribution of the dependent 
region improved when higher PEEP levels are used18. This was confirmed by our group in an 
experimental model in which different global and EIT parameters were studied in normal and 
ARDS lungs to find ‘best PEEP’ 29. In the latter study, in contrast to Löwhagen et al.18, we calcu-
lated the ITV for two lung regions. We found that in both healthy and ARDS lungs the ITV is 
able to detect a specific PEEP level during which the dependent and non-dependent regions 
are equally ventilated. PEEP levels above this specific level resulted in ventilation distribution 
mainly to the dependent regions, whereas at lower PEEP levels the non-dependent region was 
predominant. In another recent study, our group confirmed these latter results in post-cardiac 
surgery patients on the ICU30. 
The intratidal gas distribution is able to detect the point where overdistention of the non-
dependent region and recruitment in the dependent region starts. In addition, we were able 
to find such a cross-section in each individual patient. If the dependent lung region is kept 
open during expiration by applying an adequate level of PEEP, the tidal volume will distribute 
more easily to that lung region. This could be the reason why Radke et al.24 found no significant 
difference between PSV and PCV. In their study they did not apply any PEEP, whereas we used 
a PEEP level of 8±2 cm H2O (Table 1). In the present study, the tidal ventilation was evenly dis-
tributed to both the dependent and non-dependent lung regions during PSV compared with 
PCV (Fig. 3). Furthermore, the ITV in patients ventilated with low tidal volumes (<8 ml/kg PBW), 
despite the same airway pressures, showed that lower tidal volumes improved the contribu-
tion of the dependent region irrespective of the type of ventilation (Fig. 4). During PSV the tidal 
volume is dependent on both the set amount of pressure assist and the amount of patient 
effort. The contribution of diaphragm activity during PSV increases transpulmonary pressure 
leading to extra delivery of tidal volume, especially at the dependent region. This is confirmed 
by our findings of ITV calculations in volumes instead of percentages (Table 3). As a result of 
increased tidal volumes, during PSV the respiratory rate is decreased according to the patient’s 
respiratory drive (Table 2). Ventilation distribution was clearly in the dependent lung region 
during PSV with lower tidal volumes (<8 ml/kg) and this was shifted to the non-dependent 
lung region at high tidal volume (>8 ml/kg) despite using the same airway pressures; this in-
dicates that also low tidal volume should be used during PSV to prevent hyperinflation of the 
non-dependent lung due to over-assistance. Low tidal volume is always used during volume or 
pressure controlled modes and is never tested during support ventilation strategies.
homogeneity indices calculated from electrical impedance tomography data
Parameter Tidal volume/PBW Region PCV PSV p-value
GI index (%) <8 ml/kg Non-dependent 21.7±1.6 19.6±2.7 0.574
Dependent 21.4±1.3 25.2±1.5 0.328
≥8 ml/kg Non-dependent 27.5±2.6 25.7±1.8 0.681
Dependent 19.5±1.7 21.3±1.6 0.428
ITV index <8 ml/kg - 1.1±0 0.7±0.1 <0.001
≥8 ml/kg - 1.3±0.2 1.1±0.3 0.028
Table 4: Data are presented as median ± SE. 14 patients were ventilated with tidal volumes 
<8 ml/kg predicted body weight (PBW) during pressure controlled ventilation (PCV) and 6 
patients with tidal volumes of ≥8 ml/kg. During pressure support ventilation (PSV), 5 and 15 
patients were ventilated with tidal volumes <8 and ≥8 ml/kg PBW, respectively. The global 
inhomogeneity (GI) index shows no significant difference between the groups. The intratidal 
gas distribution (ITV) index shows improved ventilation of the dependent region during PSV.
The present study has some limitations. First, EIT measures ventilation distribution in a lung 
slice of approximately 5-10 cm implying that information obtained by EIT measurements has 
a limited external validity for the remaining lung tissue. However, it is known that placing the 
EIT belt at a higher position reduces the probability to detect ventilation inhomogeneity of 
the lungs31. Therefore, we chose to place the belt just above the diaphragm, which is where at-
electasis is most likely to occur in mechanically ventilated patients in supine position. Second, 
because changes in impedance are measured compared with a reference electrode, electrode 
dislocation can cause differences in measured impedance changes; for this reason, we did not 
disconnect the EIT belt between the two measurements. Third, in this study we did not use 
a second technique to measure ventilation homogeneity. However, two recent experimental 
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studies assessed ventilation homogeneity using EIT as compared with CT or magnetic reso-
nance imaging (MRI). Dunster et al. compared ventilation homogeneity in 7 rats using hyper-
polarised helium MRI (He3 MRI) and EIT; they found comparable values for the GI index for both 
imaging methods, during different body positions 32. Elke et al. 33 found high correlations in 
ventilation homogeneity calculated from EIT and Xenon CT (XeCT) of 9 mechanically ventilat-
ed pigs. This indicates that our results are reliable and EIT can be used for assessment of ventila-
tion homogeneity at the bedside. Fourth, absolute exclusion of spontaneous breathing activ-
ity during PCV only can be assessed with techniques like esophageal pressure measurements. 
However, in the present study we did not perform such measurements but we detected no 
spontaneous breaths by analyzing the flow and pressure curves and/or detection by the ven-
tilator (total respiratory rate vs. installed frequency). Due to the deep sedation of the patients 
(Ramsay score 5-6) we are convinced that deep spontaneous breaths are excluded. Fifth, we 
have chosen to use pressure controlled instead of volume controlled ventilation in order to ap-
ply the same airway pressures to the entire lung to study the ventilation distribution. Despite 
adapting the pressure levels to achieve target tidal volume, six patients were ventilated with 
tidal volumes >8ml/kg during the PCV mode due to better compliance. Finally, the present 
study included post-cardiac surgery patients with relatively healthy lungs; although the short 
monitoring period is acceptable to describe a physiological phenomenon, it is too short to 
describe potential effects on patient outcome. Additional studies are needed to compare the 
effect of PCV and PSV on ventilation distribution and patient outcome in ALI/ARDS patients.
Conclusion
In conclusion, in this study PSV improved ventilation of the dependent lung region due to 
contribution of the diaphragm, which is more pronounced during lower tidal volume in post-
cardiac surgery patients. Also, homogeneous ventilation (as measured by EIT) can be achieved 
during PCV when lower tidal volumes (<8 ml/kg PBW) are used. Finally, EIT can be used to op-
timize ventilator settings to achieve homogeneous lung ventilation in the individual patient at 
the bedside when using either a PSV or PCV ventilator mode.
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abstract
Purpose 
The purpose of this study was to compare the effect of varying levels of assist during pressure 
support and neurally adjusted ventilator assist (NAVA) on the aeration of the dependent and 
non-dependent lung regions by means of electrical impedance tomography (EIT).
Methods 
We studied 10 mechanically ventilated patients with acute lung injury (ALI). Positive end-expir-
atory pressure (PEEP) and PSV level were both 10 cm H2O during the initial PSV step. Thereafter, 
we changed the inspiratory pressure to 15 and 5 cm H2O during PSV. The electrical activity of 
the diaphragm (EAdi) during pressure support 10 was used to define the initial NAVA gain 
(100%). Thereafter, we changed NAVA gain to 150% and 50%, respectively. After each step the 
assist level was switched back to PSV 10 cm H2O or NAVA 100% to get a new baseline. EIT reg-
istration was performed continuously.
results
Tidal impedance variation significantly decreased during descending PSV levels within pa-
tients, whereas not during NAVA. The dorsal-to-ventral impedance distribution, expressed ac-
cording to the center of gravity index, was lower during PSV compared to NAVA. Ventilation 
contribution of the dependent lung region was equally in balance with the non-dependent 
lung region during PSV 5 cm H2O, NAVA 50% and 100%. 
Conclusion
NAVA ventilation had a beneficial effect on the ventilation of the dependent lung region and 
showed less over-assistance compared to PSV in patients with ALI. 
Introduction
One of the main reasons for admission to the intensive care unit (ICU) is requirement for me-
chanical ventilation1. During mechanical ventilation the dependent lung region is of special 
interest, due to the high risk for development of atelectasis. During controlled mechanical 
ventilation, air is pushed into the lungs and the diaphragm is passively moved to the abdo-
men with as result that tidal volume is mostly distributed to the non-dependent lung region 
due to better compliance of this area2. In contrast during spontaneous breathing, there is a 
contraction of the diaphragm, with more displacement of the posterior part, leading to more 
homogenous ventilation distribution3. Spontaneous breathing has been shown to lead to bet-
ter ventilation/perfusion ratio3;4 and less atelectasis5.
Pressure support ventilation (PSV) and neurally adjusted ventilatory assist (NAVA) are com-
monly used partial ventilatory assist modes. PSV uses flow- or pressure triggering in the ven-
tilator circuit and a pre-set, constant, amount of pressure assistance is delivered with a decel-
erating flow pattern. NAVA uses a special feeding tube in order to measure the diaphragm 
electrical activity (EAdi), and the amount of pressure assistance is proportional in relation with 
the measured EAdi. This enables the patient to control their tidal volume by regulation of their 
EAdi signal. Several studies6-13 have shown that NAVA improves patient-ventilator synchrony 
compared to PSV. In addition, it has been found that NAVA reduces the risk of over-assistance 
due to down regulation of the EAdi signal7;9;12,14-18. 
Electrical impedance tomography (EIT) is a non-invasive, bedside, radiation-free monitoring 
technique. Small currents are passed through the skin by using 16-32 electrodes on the tho-
racic cage skin surface19;20. We have shown that EIT is a reliable tool to discriminate aeration 
between the dependent and non-dependent lung region19;21. During a decremental positive-
end expiratory pressure (PEEP) trial, we have shown that ventilation was lost in the dependent 
lung region in both healthy and diseased lungs at lower PEEP levels19. 
The purpose of this study was to visualize the effect of varying levels of pressure support and 
NAVA gain on the aeration of the dependent lung region by means of electrical impedance 
tomography (EIT) at the bedside. Our hypothesis was that NAVA leads to more ventilation of 
the dependent lung region compared to PSV.
Materials and Methods
Study population.
In the present study, 10 patients admitted to the ICU were studied during mechanical ventila-
tion. The protocol was approved by the local institutional human investigations committee. 
The inclusion criteria were: > 18 years of age, pressure support ventilation, weaning phase 
of mechanical ventilation, respiratory failure according to the New Berlin ARDS criteria (mild 
ARDS: PaO2/FiO2 200-300 mmHg; moderate ARDS: PaO2/FiO2 100-200 mmHg; severe ARDS: 
PaO2/FiO2 <100 mmHg). 
Study protocol and measurements. 
EIT measurements were performed with a 16-electrode silicon belt placed around the patient’s 
thoracic cage, just below the nipples between the 6th and 7th intercostal spaces21 (Pulmovista 
500, Dräger Medical, Lübeck, Germany). Data were gathered with a sample frequency of 20 Hz. 
At the time of enrollment all patients were pressure support ventilated (PSV), using the Servo-
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I (Maquet, Solna, Sweden), according to our local ventilation protocol. All included patients 
had already a NAVA catheter for clinical reasons. Each patient received three different assist 
levels during pressure support and NAVA. During each assist level EIT measurements were per-
formed. For more detail see electronic supplement. 
Statistical analysis. 
All statistical analyses were carried out using SPSS 20 (Chicago, IL). The values are stated as 
mean ± SD unless specified otherwise. We assessed the distribution of our data using the Kol-
mogorov Smirnov one sample test for goodness of fit, and the homogeneity of variance be-
tween two distributions by means of the Brown-Forsythe test. The primary endpoint of the 
study was to investigate changes in ventilation distribution in the dependent lung region be-
tween NAVA and PSV. We performed a mixed linear model for repeated measures (assist levels 
as independent factor) to analyze changes in the average of center of gravity (COG) index and 
tidal impedance variation (TIV) (dependent variables). Our secondary endpoint was to assess 
over-assistance of the non-dependent region during one breath, between the different assist 
levels during both NAVA and PSV. Therefore, we analyzed the intratidal gas distribution. Since 
the intratidal gas distribution data did not meet the assumption of normality, we analyzed 
the difference of the intratidal gas distribution between dependent and non-dependent lung 
regions by means of non-parametric statistical tests. 
In addition we analyzed the differences in EAdi, peak pressure, respiratory rate, mean inspira-
tory pressure, expiratory tidal volume (Tve) and Tve/kg predicted body weight values between 
PSV and NAVA by means of mixed linear models. For both PSV 10 cm H2O and NAVA 100% there 
were no significant differences between the three baseline periods. Therefore, the data of the 
three baseline periods for both PSV 10 cm H2O and NAVA 100% are averaged for the statistical 
analysis. Differences are considered to be significant when p <0.05.
results
Entry characteristics of the study population are presented in Table 1 (electronic supplement). 
The ventilatory data including the amount of pressure support given and the resulting EAdi 
values during each PSV and NAVA step are shown in Table 1. At the lowest assist level the 
peak pressure was significantly lower during PSV compared to NAVA (Table 1). Increasing the 
level of assist, tidal volume (p< 0.0003) and mean inspiratory pressure (p< 0.027) increased 
significantly, whereas respiratory rate decreased significantly (p< 0.008) during PSV whereas 
not during NAVA (Table 1).
respiratory parameters varying Pressure Support and naVa assist levels
Ventilator mode 50% 100% 150%
PSV Assist pressure (cm H2O) 6±1* 10±1 16±1
Ppeak (cm H2O) 16±0 21±0 26±0
Mean inspiratory pressure (cm H2O) 11.5±0.3 13.2±0.2
$ 14.3±0.6**
EAdi (μV) 17±13 14±12 12±9
Respiratory Rate (ventilatory) (BPM) 22±8 21±7 18±7**
Tve (mL) 508±160 581±188$ 681±210**
Tve (mL/PBW) 7.5±2.5 8.6±2.9$ 10.1±3.0**
NAVA Gain (cm H2O/μV) 0.6±0.7 1.3±1.4 2.0±2.1
Assist pressure (cm H2O) 10±5 9±3 19±6
Ppeak (cm H2O) 19±1 22±2 28±2
Mean inspiratory pressure (cm H2O) 11.2±0.3 12.3±0.2 12.6±0.3
EAdi (μV) 16±10 14±12 13±9
Respiratory Rate (ventilatory) (BPM) 23±8 21±7 21±7
Tve (mL) 532±152 539±165 557±166
Tve (mL/PBW) 7.9±2.3 8±2.6 8.3±2.6
Table 1: Expiratory tidal volume (Tve); Peak pressure (Ppeak); Electrical activity of the dia-
phragm (EAdi); Predicted body weight (PBW); Breaths per minute (BPM); * = Significant dif-
ferent vs. NAVA 50%; $ = significant different vs. NAVA 100%; ** = significant different vs. NAVA 
150%.
During NAVA, respiratory rate and tidal volume were comparable despite the different levels of 
assist (Table 1). At the highest applied ventilatory assist, tidal volume was significantly higher 
with PSV compared to NAVA (Table 1).
The dorsal-to-ventral impedance distribution, expressed as center of gravity index, was higher 
during NAVA compared to PSV which means that more tidal impedance variation was located 
in the dependent lung region (Fig. 1). Higher levels of assist resulted in more tidal impedance 
variation in the non-dependent lung region (Fig. 1). 
figure 1: Impedance distribution. The EIT image is divided in four regions of interest (pur-
ple= ventral; green= mid-ventral; red= mid-dorsal; blue= dorsal). The bars on the right side 
represent the percentage of the total tidal impedance variation located in each region, for each 
assist level. The dashed-line represents the 50% border.
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Figure 2 shows the results of the intratidal gas distribution between the dependent and non-
dependent regions for both NAVA and PSV. During NAVA 150%, PSV 10 and 15 cm H2O the 
non-dependent lung region was responsible for the greatest part of the tidal ventilation and 
this contribution further increased during the time period of a breath for both PSV 10 and 15 
but not during NAVA 150% (Fig. 2). On the other hand during NAVA 100%, 50% and PSV 5 cm 
H2O the dependent and non-dependent lung region had an equal contribution to the tidal 
ventilation (Fig. 2).
figure 2: Mean Intratidal gas distribution in eight iso-volume steps during inspiration at the 
varying levels of pressure support ventilation (PSV) and neurally adjusted ventilatory assist 
(NAVA). The intratidal gas distribution is calculated from one breath. The total contribution of 
the non-dependent and the dependent lung regions to each iso-volume step is 100%. Signifi-
cant difference in distribution by Mann-Whitney U test: * p = .002 between PSV 15 and PS 10 
cm H2O, † p = .001 between PSV 15 and PS 5 cm H2O, ‡ p = .001 between PSV 10 and PS 5 cm 
H2O, § p = .001 between PSV 10 and NAVA 100%, ll p = .001 between NAVA 150% and NAVA 
100%, ** p = .001 between NAVA 150% and NAVA 50%, †† p = .027 between NAVA 100% and 
NAVA 50%. Solid line = non-dependent lung region; dashed line = dependent lung region.
Discussion
In the present study, NAVA 100% ventilation showed an improved ventilation of the depend-
ent lung region compared to PSV 10 cm H2O at the same pressures. Reduction of ventilatory 
assist during PSV led to less ventilation of the lung whereas not during NAVA. The contribution 
of the dependent lung region was in-balance with non-dependent lung region during PSV 5 
cm H2O and NAVA 50 and 100% (Fig. 2), indicating more homogenous ventilation. During PSV 
10 and 15 cm H2O, the contribution of the non-dependent lung region increased during the 
time period of a breath, indicating over-assistance. 
Löwhagen and colleagues22 introduced the intratidal gas distribution based on EIT measure-
ments during a PEEP trial in 16 volume-controlled ventilated patients. They used the intratidal 
gas distribution to analyze how the tidal volume was distributed within the lung during inspi-
ration and found that the gas distribution in the dependent lung region improved when PEEP 
was increased. In the present study, we performed the intratidal gas distribution analyses and 
found a homogenous gas distribution at the lowest ventilatory assist for both NAVA and PSV 
(Fig. 2). Tidal ventilation was also homogenously distributed with NAVA 100% (Fig. 2) and had 
more ventilation in the dependent region (Fig. 1) compared to PSV 10 cm H2O, despite that 
these two ventilator settings had comparable inspiratory peak pressure and EAdi values (Table 
2). At the highest applied ventilator assists for both NAVA and PSV, the gas distribution in the 
dependent lung region was less compared to the contribution of the non-dependent lung 
region, and this was also seen at PSV 10 cm H2O. In addition, the gas contribution of the non-
dependent lung region increased even during inspiratory phase during both PSV 10 and 15 cm 
H2O whereas not during NAVA 150%. During NAVA, tidal volume was comparable despite the 
different levels of assist, whereas tidal volume increased during increasing levels of pressure 
support (Table 2). This can be explained by down-regulation of the EAdi signal at higher assist 
levels. Like previous articles9;16-18 we found a suppression of the EAdi signal when the assist 
levels are increased during both NAVA and PSV. Because NAVA uses the EAdi signal to define 
the assist level, the amount of increase in pressure was less due to down-regulation of the EAdi 
signal. In contrast during PSV the patient will receive a constant, pre-chosen amount of pres-
sure assist that is independently of the activity of the diaphragm. Therefore, tidal volumes will 
increase at higher support levels. The upslope of the non-dependent intratidal gas distribution 
curves during PSV 10 and 15 means that the increased tidal volume during support ventilation 
may lead to ventilation of the more compliant part of the lung, i.e. the non-dependent lung re-
gion, with risk of over-inflation of this lung region. This indicates that during pressure support 
there is more risk for over-assistance whereas this is less with NAVA. 
Several6;9-11;13 studies have shown that NAVA has a beneficial effect on patient-ventilator syn-
chrony. Colombo et al.9 compared the effect of different ventilatory assists during NAVA versus 
PSV on blood gases and respiratory parameters, and showed that NAVA has the advantage to 
reduce both patient-ventilator asynchrony and over assistance compared to PSV. This was also 
seen in the present study in which NAVA resulted in more homogenous ventilation compared 
to PSV and with less over-assistance of the non-dependent lung region (Fig. 3). Also TIV at the 
different used ventilatory assists during NAVA was more comparable for both dependent and 
non-dependent lung regions compared to PSV (Fig. 2 supplement).
There are also limitations in this study. EIT measurement covered a cross-sectional slice of 5-10 
cm of the lung depending on the placement level of the electrodes21. We have chosen to place 
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the electrodes just above the diaphragm, because this is the predominant site of atelectasis in 
the ventilated patient in supine position. Data obtained by EIT measurement depend on many 
factors (patients’ posture, impedance of the electrode-patient contacts, etc.) and therefore the 
absolute TIV values cannot be used to compare differences between patients directly but only 
the absolute changes of the effect of the different ventilatory support within a patient can 
be used (Fig. 2 supplement). Therefore, avoiding electrode dislocation during EIT registration 
is important and in this study the belt with the electrodes was not disconnected during the 
entire measurement period of around 1.5 hour. 
Conclusion
NAVA ventilation has a beneficial effect on the ventilation of the dependent lung region com-
pared to PSV at the same pressure in patients with ALI. Reduction of ventilatory assist during 
PSV led to less ventilation of the lung but the ventilation distribution improved in the depend-
ent region. This indicates that levels of assist should be titrated in the individual patient in 
order to avoid over-assistance as seen at the highest used assist levels. During NAVA, we found 
less over-assistance compared to PSV and with less variation in tidal volume and tidal imped-
ance variation despite the different used ventilator assists, indicating that the patient chooses 
his own optimal tidal ventilation and adjusts to the imposed ventilatory assist. Despite ventila-
tion of the dependent lung region is more pronounced with NAVA, it is unclear whether this 
may lead to shorter length of stay on the ventilator. Therefore, outcome studies are needed.
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Supplement
Methods
The measurements were performed at least one hour after placement of the NAVA catheter. 
During the entire study, the pressure limit was 30 cm H2O. During PSV the flow trigger was -5 
L/min and a cycling-off of 30%. The backup modes for NAVA ventilation were first PSV and 
secondly pressure control ventilation (PCV). For both ventilation modes a PEEP of 10 cm H2O 
PEEP and pressure support or pressure above PEEP level of 10 cm H2O. For PCV a frequency of 
15 breaths per minute was chosen.
Only patients were included when a PEEP of 10 cm H2O was used at that time. This PEEP level 
was not changed during the entire study period. In all patients we first started with a pres-
sure support level of 10 cm H2O (PSV 10) for 10 min. Thereafter, pressure support level was 
increased to 15 (PSV 15) for 10 min. In order to get a new baseline, pressure support of 10 cm 
H2O was applied for 5-10 min. Subsequently, pressure support level was reduced to 5 cm H2O 
(PSV 5) for 10 min. Thereafter the ventilation mode was switched to NAVA. During PSV 10, EAdi 
values were measured and the average peak value of the last 5 minutes was calculated, from 
the trend menu of the ventilator, and stored for each patient. During NAVA 100%, the NAVA 
gain was titrated in order to reach the same peak EAdi values as seen during PSV10. After 10 
min, the NAVA gain was changed into 150% and 50%, respectively, both for 10 min. According 
to PSV, between each NAVA gain step the NAVA gain was turned back to NAVA 100% to obtain 
a new baseline. At the end of each ventilation period, EIT measurements were performed.
With a special program (Servotracker, Maquet, Solna, Sweden) all ventilatory parameters dur-
ing the trial were collected. Data were processed offline, using the EIT viewer 6.1 and EITdiag 
(Dräger Medical, Lübeck, Germany) and Matlab R2012A (MathWorks, Natick, MA). EIT images 
consist of a 32 × 32 pixel matrix. The difference in impedance between the end of inspiration 
and expiration is defined as tidal impedance variation (TIV). In the EIT viewer raw datasets were 
exported into several ASCII files per patient. In order to filter out hemodynamic signals a But-
terworth filter was applied. 
Intratidal gas distribution calculation
Analysis of the intratidal gas distribution was based on research by Löwhagen et al.1. This study 
focused on recruitment and different levels of PEEP, but the analysis method can be adapted to 
our purpose. The tidal impedance variation represents the inspiration and expiration. All inspi-
rations used to construct the previously described minute-image were used for the intratidal 
gas distribution. The inspiratory part of the global tidal impedance variation curve is divided 
in eight iso-impedance parts (each step is 12.5% of the inspiration). The corresponding time 
points of the iso-impedance parts were transferred to the regional tidal impedance variation 
curves. In this way, the relative contribution of the dependent and non-dependent regions to 
the global tidal impedance variation curve could be calculated. In other words the area under 
the curve of the dependent and non-dependent TIV curves is calculated as percentage of the 
area under the curve of the global tidal impedance variation curve. 
Center of Gravity
COG index describes the dorsal-to-ventral impedance distribution 2. EIT images are divided in 
four equal lung regions (ventral, mid-ventral, mid-dorsal and dorsal regions) (Fig.1). The COG 
index was calculated by dividing the dorsal tidal impedance variation (sum of mid-dorsal and 
dorsal) by the total tidal impedance variation of the four regions. The COG index [%] describes 
the percentage tidal impedance variation located in the dependent lung region. 
results
Figure 2 shows the effect of the three different assist levels on tidal impedance variation during 
PSV and NAVA for the non-dependent and dependent regions. During PSV, tidal impedance 
variation decreased significantly after lowering the ventilator assist in the non-dependent re-
gion, and in the dependent region this was only significant different between PSV 15 and 5 cm 
H2O (Figs. 2a and b). During NAVA, tidal impedance variation decreased significantly between 
150 and 50% in the non-dependent lung region but not in the dependent region (Figs. 2a and 
b).
entry characteristics of the patient population
Entry characteristic Mean ± SD
Age (years) 62±10
Male/Female 6/4
Heart rate (BPM) 88±14
Mean Arterial Pressure (mmHg) 82±13
Weight (kg) 91.2±19.1
BMI 30±7
PBW (kg) 68.0±8.4
Height (m) 1.70±0.18
PaO2/FiO2 (mmHg) 267.8±54.2
PEEP (cm H2O) 10±1
Ppeak (cm H2O) 17±5
Mean inspiratory pressure 
(cm H2O) 14.5±0.6
Tve (mL) 576.6±153.1
Tve PBW (mL/kg) 8.5±2.4
ARDS category Mild Moderate Severe
(Number of patients) 9 1 0
Table 1: Body Mass Index (BMI); Predicted body weight (PBW); Peak pressure (Ppeak); Expira-
tory tidal volume (Tve). Acute Respiratory Distress Syndrome (ARDS); Mild= PaO2/FiO2: 200-300 
mmHg; Moderate= PaO2/FiO2: 100-200 mmHg; Severe= PaO2/FiO2: <100 mmHg.
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figure 2: Tidal Impedance Variation (TIV) during varying levels of pressure support ventilation 
(PSV) and neurally adjusted ventilatory assist (NAVA) for the dependent (Fig.2A) and the non-
dependent (Fig.2B) lung region. In both lung regions, the amount of TIV keeps more stable 
between varying NAVA gain levels compared to PSV. Especially in the non-dependent lung 
region the TIV decreased significantly when decreasing the PSV level. *p <.05 compared to the 
highest ventilatory assist in each ventilation mode.
Discussion
The flow- and pressure-curves between PSV and NAVA are different. During PSV a decelerating 
flow pattern is applied whereas during NAVA an accelerating flow curve occurs. This is due to 
the differences in pressure curves between both ventilation types: PSV has a square wave form, 
whereas the NAVA pressure curve follows the EAdi curve and is an accelerating curve 
(Fig. 4). The consequence is that the peak pressure during NAVA reached its maximum at the 
end of inspiration, resulting in a lower mean inspiratory pressure compared to PSV (Table 2). 
The question arises if the slower increase in pressure- and flow during NAVA is responsible for 
the even dorsal-to-ventral impedance distribution.
figure 4: Fig 4A represents the flow, pressure and EAdi curve during PSV 10. Fig 4B shows the 
same curves during NAVA 100%. It can be seen that during NAVA the pressure curves varies 
according to the EAdi signal, whereas during PSV the pressure is equal for each breath despite 
variation in the EAdi signals. During PSV, the pressure curve shows a square shape, whereas the 
NAVA pressure curve follows the EAdi signal. PSV has a decelerating flow-curve and NAVA has 
an accelerating flow-curve. EAdi and peak pressures where equal during PSV 10 and NAVA 100.
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General discussion and future perspectives
In the field of intensive care medicine, ventilator-induced lung injury (VILI) remains an impor-
tant issue. VILI is lung damage induced or aggravated by mechanical ventilation. Although 
there is no explicit description of what VILI actually is, it is most often described as being a 
combination of lung edema, capillary damage and inflammation1-3. The hallmark paper of the 
ARDSnetwork trial published in 2000, demonstrates that ventilation with small tidal volumes 
(6 ml/kg) improves survival in patients with acute respiratory distress syndrome (ARDS). In this 
scenario, however, the precise role of positive end-expiratory pressure (PEEP) is also unclear. 
Although multiple studies have reported an improvement in secondary endpoints with higher 
PEEP levels, they were unable to show a significant reduction in mortality4-7. However, two 
meta-analyses8;9 have shown that high PEEP levels improved survival in patients with severe 
ARDS, whereas patients with mild ARDS are best treated with lower PEEP levels. The beneficial 
effect of high PEEP levels in severe ARDS patients was attributed to the recruitment of atelec-
tatic tissue and a reduction of life-threatening hypoxemia9. In the mild ARDS group, high PEEP 
levels may induce hyperinflation of already open alveoli, mostly located in the non-dependent 
(ventral) part of the lung, thereby inducing additional lung damage. 
Hyperinflation increases forces acting on the alveolar wall and can be described by the terms 
‘stress’ and ‘strain’. These two terms were introduced in the 1960s by pulmonary physiologists 
to describe respiratory mechanics10. Stress is defined as the internal distribution of forces per 
unit of area of a specific material by an external force. The resulting change in the shape of the 
material is called strain. Hence, lung stress describes the distribution of forces due to PEEP and 
tidal volume, whereas strain describes the resulting change in lung volume. In 1970 Mead et 
al.11 constructed a lung model composed of multiple balloons. These balloons were positioned 
in a honeycomb shape, similar to real alveoli. Using this model the authors were able to calcu-
late the effect of inhomogeneous ventilation due to atelectasis and hyperinflation on the forc-
es on the walls of their model. They calculated that lung stress is increased with a factor 4.5 dur-
ing inhomogeneous lung insufflation. Protti et al.12 showed that pigs which were mechanically 
ventilated to an inspiration volume more than twice their functional residual capacity (strain 
> 2), developed lung edema and died. In a second study13 the authors demonstrated that pigs 
ventilated with a strain of 2.5 (mainly consisting of tidal volume), developed lung edema and 
died. However, when the strain was mainly due to PEEP in combination with low tidal volume, 
the lungs did not develop lung edema and all animals survived the 3-day observation period. 
The authors concluded that tidal volume is harmful to the lungs, whereas application of PEEP 
could protect the lungs. Therefore, PEEP and tidal volume should be balanced in order to avoid 
hyperinflation resulting in lung injury.
Fernandez-Perez et al.14 performed a prospective case control study to investigate 
intraoperative ventilation settings and lung injury after elective surgery. In their cohort of 
4000 patients, the incidence of lung injury was 3%. No correlation was found between lung 
injury and the applied amounts of tidal volume, PEEP or fraction of inspired oxygen. Lung 
injury mainly developed in patients with a history of chronic obstructive pulmonary disease 
or smoking. Futier et al.15 studied 400 patients randomized to a non-protective ventilation 
protocol (tidal volumes 10-12 ml/kg and no PEEP) or a lung protective ventilation protocol 
(tidal volumes 6-8 ml/kg and 6-8 cm H2O PEEP). The authors showed that the lung protective 
ventilation protocol resulted in a significant decrease in pulmonary and extrapulmonary 
complications (10.5% vs. 27.5%) within the first 7 postoperative days. In addition, the lung 
protective strategy resulted in a 69% reduction of patients requiring ventilatory support in 
the first 7 days postoperatively. The authors concluded that PEEP reduced the risk of cyclic 
atelectasis, whereas low tidal volumes reduced hyperinflation. However, important limitations 
of that study are the differences between the two protocols in both the applied PEEP level and 
the amount of tidal volume; this implies that no clear conclusions about the effect of PEEP can 
be drawn. Later, the PROVEnetwork investigated 900 patients undergoing open abdominal 
surgery16. These patients were randomized to an intraoperative ventilation protocol using 12 
cm H2O PEEP and recruitment maneuvers (high PEEP group), or a ventilation protocol using <2 
cm H2O PEEP without recruitment maneuvers (low PEEP group). All patients were ventilated 
with a tidal volume of 8 ml/kg. This study found no difference in postoperative pulmonary 
complications between the two groups; the authors concluded that the patients undergoing 
open abdominal surgery should be ventilated according to the low PEEP protocol. 
From these results we conclude that an inhomogeneous pattern of ventilation could be the 
key factor in the development of VILI. In healthy lungs alveoli are a network filling the thoracic 
cavity. During ventilation, the tidal volume is evenly distributed over the entire lung. However, 
when the lung becomes injured some areas of the lung may collapse. Due to the collapse, the 
open alveoli will have more space in the thoracic cavity and can then become hyperinflated 
due to high tidal volume ventilation. This is in accordance with the work of Nieman et al.17-23. 
Using an experimental model this group showed that, in healthy lungs, the ratio of alveolar 
surface area at end-inspiration and end-expiration did not differ between three different tidal 
volumes (6, 12 and 15 ml/kg). In surfactant-depleted lungs, the alveolar surface area increased 
significantly as compared to healthy lungs with similar settings. When PEEP was applied, this 
ratio of alveolar surface area at end-inspiration and end-expiration decreased. The authors 
concluded that application of PEEP is more effective in stabilizing alveoli than in reducing tidal 
volume. In addition, they concluded that the mechanism of lung injury is mechanical rather 
than inflammatory. From these studies it can be concluded that PEEP opens atelectatic tissue 
and keeps it open, whereas in healthy lungs PEEP may cause airway distention. 
The intratidal gas distribution (ITV) derived from electrical impedance tomography (EIT) meas-
urements is able to monitor ventilation homogeneity at the bedside. During partially assisted 
ventilation, such as pressure support ventilation (PSV) and neurally adjusted ventilatory assist 
(NAVA), the diaphragm contracts during inspiration with the largest displacement at the dorsal 
part. We found that tidal volume was mainly distributed to the dependent lung during low tidal 
volume ventilation (< 8 ml/kg; Chapter 8), whereas ventilation distribution was homogeneous 
at high tidal volumes (> 8 ml/kg) during PSV. In addition, NAVA resulted in more homogeneous 
ventilation compared to PSV at different levels of assist (Chapter 9). This is the result of the ven-
tilator being guided by the neural activity (EAdi) of the diaphragm at the moment of triggering, 
but also during inspiration. With this mechanism the patient is able to influence the amount of 
tidal volume during mechanical ventilation. If the assist is relatively large the lungs may become 
hyperinflated and the stretch receptors will inhibit the respiratory drive, leading to lower tidal 
volumes during subsequent inspirations. We have shown that, during NAVA ventilation, pa-
tients aimed to achieve a tidal volume of around 8 ml/kg, irrespective of the respiratory settings. 
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Yoshida et al.24 performed EIT and computed tomography (CT) scans in pigs with lung injury. 
Lung injury was induced by surfactant depletion due to repeated lung lavage and, thereafter, 
ventilation with large tidal volumes. The authors found that spontaneous breathing at a low 
PEEP level resulted in tidal recruitment associated with pendelluft. Pendelluft is a redistribu-
tion of air from the ventral regions towards the dorsal regions at initiation of the inspiration. 
Pendelluft causes tidal recruitment in the dorsal regions thereby improving oxygenation, 
but also lung injury due to cyclic atelectasis with increased lung strain. During spontaneous 
ventilation with optimal PEEP minor tidal recruitment or pendelluft was seen, whereas dur-
ing controlled ventilation the dorsal regions were less ventilated as compared to spontane-
ous breathing. The authors concluded that pendelluft during spontaneous breathing with low 
PEEP levels resulted in regional volu-trauma in the dorsal lung regions comparable with the 
effect of ventilation with tidal volumes up to 15 ml/kg with muscle paralysis during controlled 
mechanical ventilation. 
Thus, homogeneous ventilation during spontaneous breathing is also of importance. In Chap-
ters 8 and 9 we demonstrated that although both NAVA and PSV are able to ventilate the lungs 
homogeneously, it is necessary to titrate the ventilator settings. During PSV, a decelerating 
flow pattern is used with a peak flow immediately after initiation of inspiration. This could be 
an advantage for patients with ‘air hunger’, such as ARDS patients in the acute phase. However, 
in patients without lung pathology, Manning et al.25 found that both a high and a low flow pat-
tern increased the sensation of dyspnea. At low flow, patients sensed a shortage of air, whereas 
a sensation of hyperinflation was felt at high flow. We found that discomfort can be avoided by 
the use of NAVA ventilation in patients in the weaning phase. NAVA has an accelerating flow 
curve and the highest inspiratory pressures are found at the end of inspiration.
 
 
 
 
 
 
 
 
fig. 1: A: shows the pressure, flow and the neural activity of the diaphragm (EAdi) curve dur-
ing pressure support ventilation (PSV). B: shows the same curves but during neurally adjusted 
ventilatory assist (NAVA). During PSV the flow curve has a decelerating pattern with a peak flow 
immediately after initiation of the inspiration. NAVA shows an accelerating flow curve. The ac-
celerating flow curve during NAVA results in a peak pressure at the end of inspiration, whereas 
during PSV a more squared pressure curve is seen.
Recently, an old technique was re-introduced in order to optimize ventilatory settings. The es-
ophageal pressure is used as a surrogate for pleural pressure and is used to calculate transpul-
monary pressures (airway pressure minus pleural pressure). Talmor et al.7 investigated the abili-
ty of esophageal pressure measurements to optimize PEEP settings. A PEEP level was chosen in 
each patient leading to a positive end-expiratory transpulmonary pressure. The authors found 
that, in the esophageal pressure-guided PEEP group, a significantly higher PEEP level was used 
compared to the control group in which PEEP was chosen based on the FiO2-PEEP table. In 
addition, it has been suggested that this transpulmonary pressure at the end of inspiration is 
responsible for the development of VILI26. Transpulmonary pressure is low during spontaneous 
breathing but also during controlled mechanical ventilation with high inspiratory pressures 
(≥ 30 cm H2O) in patients with low compliance of the thoracic cage (Fig 2A and 2B). However, 
transpulmonary pressure can be high during PSV with low airway pressure but with very low 
pleural pressures due to active contraction of the diaphragm (Fig. 2C). 
fig. 2: Figure A represents the alveolar pressure (Palv), pleural pressure (Ppl) and the transpul-
monary pressure (Ptp) during spontaneous breathing. Figures B and C represent the alveolar, 
pleural and transpulmonary pressures during different pulmonary status. During spontaneous 
breathing transpulmonary pressure is low (A), but also during ventilation with high airway 
pressures and high pleural pressures (B). However, during active diaphragm
Moreover, esophageal pressure measurements are challenging. The position, as well as the 
filling of the esophageal pressure balloon is a delicate process. An over-filled or under-filled 
balloon measures a too high or too low esophageal pressure, respectively27. In addition, the 
pleural pressure based on the esophageal pressure is under-estimated in the dorsal regions 
and over-estimated in the ventral lung regions. Therefore, esophageal pressure measurements 
are also not the definitive answer in the aim to optimize ventilator settings. We believe that 
non-invasive ITV measurements could be an effective alternative to identify the ‘best’ PEEP 
and tidal volume at the bedside. Therefore, a multicenter clinical study should be performed to 
investigate optimal ventilator settings based on ventilation homogeneity, rather than meas-
urements of transpulmonary pressures, to test the effect on outcome in patients with ARDS.
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Summary
Mechanical ventilation is a cornerstone in the treatment of patients with Acute Respiratory 
Distress Syndrome (ARDS). However, mechanical ventilation itself can cause additional lung 
injury or aggravate already existing lung damage. In Chapter 1 an introduction is given about 
the different aims of research considering optimizing ventilatory settings in order to avoid Ven-
tilator Induced Lung Injury (VILI). The hallmark study of the ARDSnetwork group revealed that 
protective mechanical ventilation with small tidal volume improved survival of ARDS patients. 
Studies thereafter in which higher amount of Positive End-Expiratory Pressure (PEEP) were 
used did not affect mortality rate. In Rotterdam, we are believers of the Open Lung Concept 
(OLC) in which relative high PEEP level is used in combination with small tidal volume in order 
to keep the dependent lung open and to avoid overdistention of the non-dependent lung. In 
this thesis we studied the use of bedside monitoring systems in order to apply the best PEEP 
and/or inspiratory assist levels in the individual patient. We used Electrical Impedance Tomog-
raphy (EIT), End-Expiratory Lung Volume (EELV) measurements and volumetric capnography.
Chapter 2 is a review in which lung monitoring techniques are described, including the two 
systems as used in this thesis, which are EIT and EELV. It is important to realize that EIT is tech-
nique that measures regional ventilation distribution, whereas EELV is a global measurement 
of lung volume. Both techniques are easy to use and are able to provide valuable and reliable 
information at the bedside. These techniques can describe the changes of the pulmonary sta-
tus especially during a recruitment maneuver or PEEP change. 
In the search to a personalized PEEP strategy, we performed a randomized study in Chap-
ter 3 in 37 patients with mild to moderate ARDS. In the intervention group, PEEP was set ac-
cording the patients predicted EELV and in controls based on PEEP-FiO2 table, as used in the 
ARDSnetwork trial. In the intervention group, the PEEP had to be increased significantly and 
arterial oxygenation improved whereas PEEP was decreased in the control group during the 
two days observation period and EELV increased spontaneously. Therefore we concluded that 
the EELV-guided PEEP strategy in patients with mild to moderate ARDS was not beneficial. 
In Chapter 4 we calculated stress, specific elastance and strain based on the EELV measure-
ments, without the use of additional esophageal pressure measurements, during a decremen-
tal PEEP trial in three category ICU patients. Stress increased linearly with the PEEP and the 
highest values were around 20-25 cmH2O in the present study. Strain has low values in low 
collapse-prone lungs, whereas high values in high collapse-prone lungs after increasing PEEP. 
This indicates that recruitability of lung tissue influences strain more compared to collapse of 
lung tissue.
In Chapter 5 we compared seven different EIT parameters in 12 post cardiac-surgery patients, 
to investigate which parameter should be preferred for PEEP titration. It was shown that the 
intratidal gas distribution agreed well with dynamic compliance to indicate best PEEP in post 
cardiac-surgery patients. In addition, the intratidal gas distribution was able to detect the PEEP 
level at which the tidal volume is even distributed over the dependent and non-dependent 
lung region. Furthermore, each patient had his own optimal PEEP level to reach this homog-
enous distribution of tidal volume. 
Different global and regional parameters were compared in Chapter 6 to detect best PEEP in 
a porcine model with and without lung injury. Best PEEP was comparable between regional 
compliance of the dependent lung region by EIT and the global indicators: dynamic compli-
ance, arterial oxygenation, alveolar dead space and venous admixture. The EIT derived param-
eter, intratidal gas distribution, was able to indicate at which PEEP level overdistention of the 
non-dependent lung started Best PEEP should prevent lung collapse and also overdistention; 
therefore, a combination of parameters should resemble both of these physiological principles.
Volumetric capnography is a widely investigated tool to optimize ventilatory settings at the 
bedside. In Chapter 7 we compared volumetric capnography and the EIT derived parameter 
intratidal gas distribution.in 15 post cardiac-surgery patients. The specific PEEP level based on 
EIT was comparable with best PEEP level according to dead space calculations using the Bohr 
and Enghoff formulas, which are the most simplistic presentation of dead space. In addition, 
this study showed that higher PEEP levels mainly induced airway distention rather than alveo-
lar distention in patients without lung disorders. 
In 2008, it has been shown that controlled mechanical ventilation for only 1 to 3 days resulted 
already in atrophy of the diaphragm muscles. Therefore, Pressure Support Ventilation (PSV) is 
the preferable mode of ventilation in our hospital. In Chapter 8 we compared Pressure Control 
Ventilation (PCV) and PSV in 20 post cardiac-surgery patients using equal pressure settings and 
studied the effect on ventilation distribution. PSV improved ventilation of the dependent lung 
region due to contribution of the diaphragm, which is more pronounced during lower tidal 
volume. Homogeneous ventilation can also be achieved during PCV when lower tidal volumes 
(<8 ml/kg PBW) are used. 
In Chapter 9 PSV was compared to Neurally Adjusted Ventilatory Assist (NAVA), which is also a 
partially assist ventilatory mode and the amount of pressure assist is dependent on the electri-
cal activity of the diaphragm. During NAVA, tidal volume was comparable despite the different 
levels of assist, whereas tidal volume increased during increasing levels of pressure support. 
This can be explained by the lowered measured electrical activity of the diaphragm at higher 
assist levels. Reduction of ventilatory assist during PSV led to less ventilation of the lung but 
the ventilation distribution improved in the dependent region. This indicates that levels of as-
sist should be titrated in the individual patient in order to avoid over-assistance as seen at the 
highest used assist levels. NAVA ventilation had a beneficial effect on the ventilation of the 
dependent lung region and showed less over-assistance compared to PSV. 
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Samenvatting
Mechanische beademing is een hoeksteen in de behandeling van patiënten met Acute Respi-
ratory Distress Syndroom (ARDS). Echter, mechanische beademing kan zelf ook leiden tot het 
longschade of reeds bestaande longschade verergeren. In hoofdstuk 1 wordt een korte in-
troductie gegeven over de verschillende doelen van het onderzoek naar de optimalisatie van 
mechanische beademing om Ventilator geïnduceerde longschade (VILI) te voorkomen. Een 
van de belangrijkste studies van de ARDSnetwork group toont aan dat protectieve mechani-
sche beademing met kleine teugvolumina leidt tot een betere overleving van ARDS patiënten. 
Studies die daarop volgden, waarin een hogere positief eind-expiratoire druk (PEEP) werd ge-
bruikt, toonden geen effect op de mortaliteit. In Rotterdam wordt geloofd in het zogenaamde 
open long concept (OLC), waarbij een relatief hoge PEEP in combinatie met kleine teugvolu-
mina wordt toegepast om de dorsale longregio open te houden en om overrekking van de 
ventrale longregio te voorkomen. In dit proefschrift hebben we het gebruik van monitorsys-
temen aan het bed getest om de optimale PEEP en/of inspiratoire druk ondersteuning voor 
de individuele patiënt in te stellen. Hiervoor is gebruikt gemaakt van electrische impedantie 
tomografie (EIT), eind-expiratoire longvolume (EELV) en volumetrische capnografie.
hoofdstuk 2 toont een overzicht van de verschillende long monitoring systemen, waaronder 
de twee systemen die voor dit proefschrift gebruikt zijn: EIT en EELV. Het is belangrijk om te 
realiseren dat EIT een techniek is waarbij de verdeling van de regionale ventilatie wordt geme-
ten, terwijl EELV een globale meting van het longvolume is. Beide technieken zijn eenvoudig te 
gebruiken en verschaffen waardevolle en betrouwbare informatie aan het bed van de patiënt. 
Deze technieken kunnen de veranderingen van de long toestand beschrijven, voornamelijk 
tijdens een recruitment manoeuvre of verandering in PEEP. 
Om een patiënt specifieke PEEP strategie te definiëren hebben we in hoofdstuk 3 een geran-
domiseerde studie verricht in 37 patiënten met milde tot matige ARDS. In de interventiegroep 
werd de PEEP ingesteld volgens de voorspelde EELV voor de patiënt. In de controlegroep werd 
de PEEP gebaseerd om de PEEP-FiO2 tabel, zoals gebruikt wordt in de ARDSnetwork studie. De 
PEEP werd significant verhoogd in de interventiegroep en de arteriële oxygenatie verbeterde 
terwijl in de controlegroep de PEEP tijdens de tweedaagse observatie periode werd verlaagd 
en EELV spontaan verhoogde. Derhalve concludeerden wij dat de EELV-geleide PEEP strategie 
in patiënten met milde tot matige ARDS niet voordeliger is.
In hoofdstuk 4 berekenen we stress, specifieke elasticiteit en strain met behulp van de EELV 
metingen, zonder gebruik van additionele oesophageale drukmetingen, tijdens afbouwende 
PEEP stappen in drie typen IC patiënten. Stress nam lineair toe moet de PEEP en de hoogste 
waardes waren ongeveer 20-25 cmH2O in deze studie. Strain heeft lage waardes in de longen 
die niet neigen tot samenvallen, terwijl in de longen die wel neigen samen te vallen hoge 
waarden gemeten werden na verhoging van de PEEP. Dit betekent dat de recruteerbaarheid 
van het longweefsel meer invloed heeft op strain dan de neiging tot samenvallen van het 
longweefsel.
In hoofdstuk 5 vergelijken wij zeven verschillende EIT parameters in 12 patiënten na cardio-
thoracale chirurgie, om te onderzoeken welke parameter de voorkeur heeft om PEEP te titre-
ren. Er werd aangetoond dat de distributie van het teugvolume (ITV) goed overeenkomt met 
de dynamische compliantie om de beste PEEP te identificeren in deze patiënten na cardiale 
chirurgie. Hiernaast kon met de ITV het PEEP niveau waarop het teugvolume gelijkmatig wordt 
verdeeld over de dorsale en ventrale longregionen worden gedetecteerd. Tevens had elke pa-
tiënt zijn eigen optimale PEEP niveau om deze homogene verdeling van het teugvolume te 
bereiken. 
Verschillende globale en regionale parameters zijn in hoofdstuk 6 gebruikt om de optimale 
PEEP te bepalen in varkens met en zonder longschade. De beste PEEP was vergelijkbaar tussen 
regionale compliantie van de dorsale longregio zoals bepaald met EIT en globale indicatoren: 
dynamische compliantie, arteriële oxygenatie, alveolaire dode ruimte en veneuze vermenging. 
Met de ITV verkregen met EIT, kon worden bepaald bij welk PEEP niveau de overrekking van de 
ventrale longregio startte. De optimale PEEP zou samenvallen van de long en ook overrekking 
moeten voorkomen; daarom moet een combinatie van parameters deze beide fysiologische 
principes omvatten.  
Volumetrische capnografie is een alom onderzocht hulpmiddel om de beademingsinstellin-
gen aan het bed te optimaliseren. In hoofdstuk 7 vergelijken we volumetrische capnografie 
en de via EIT verkregen parameter ITV in 15 patiënten na cardiale chirurgie. Het specifieke PEEP 
niveau gebaseerd op EIT was vergelijkbaar met het beste PEEP niveau volgens de dode ruimte 
berekening met de Bohr en Enghoff formules, welke de meest simplistische weergave van de 
dode ruimte zijn. Deze studie toont tevens dat, in patiënten zonder longziekten, hogere PEEP 
niveaus voornamelijk leiden tot verwijding van de luchtweg in plaats van verwijding van de 
alveoli.
In 2008 is aangetoond dat gecontroleerde mechanische beademing gedurende slechts 1 tot 
3 dagen al leidt tot atrofie van de spieren van het diafragma. Daarom is druk ondersteunende 
beademing (PSV) de voorkeursbenadering in ons ziekenhuis. In hoofdstuk 8 vergelijken we 
de drukgecontroleerde beademing (PCV) en PSV in 20 patiënten na cardiale chirurgie met ge-
lijke druk instellingen en bestudeerden we het effect op de ventilatie distributie. PSV verbe-
terde de ventilatie van de dorsale longregio door een bijdrage van het diafragma, welke meer 
uitgesproken is tijdens lagere teugvolumina. Homogene ventilatie kan ook bereikt worden 
tijdens PCV mits er lagere teugvolumina (<8 ml/kg PBW) worden gebruikt. 
In hoofdstuk 9 vergelijken we PSV met Neurally Adjusted Ventilatory Assist (NAVA); een parti-
eel ondersteunende beademingstechniek waarbij de hoeveelheid ondersteuning afhangt van 
de elektrische activiteit van het diafragma. Teugvolumina waren vergelijkbaar tijdens NAVA 
ondanks de verschillende niveaus van ondersteuning, terwijl het teugvolume toenam tijdens 
verhoogde levels van druk ondersteuning. Dit kan worden uitgelegd door een verlaagde hoe-
veelheid gemeten elektrische activiteit van het diafragma tijdens hogere niveaus van onder-
steuning. Afname van de beademingsondersteuning tijdens PSV leidde tot minder ventilatie 
van de long, maar een verbeterde distributie van de ventilatie in de dorsale longregio. Dit geeft 
aan dat het niveau van ondersteuning per individuele patiënt getitreerd dient te worden, om 
teveel ondersteuning zoals gezien bij de hoogst toegepaste niveaus van ondersteuning te 
voorkomen. NAVA beademing had een positief effect op de ventilatie van de dorsale longregio 
en toonde minder overmatige ondersteuning dan tijdens PSV.
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